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Single-phase rectifiers are one of the most practical instruments with various
applications. Among them, active front-end (AFE) rectifiers are introduced with
bidirectional power transfer capability for power factor correction and the elimination of
current harmonics. This paper proposes an adaptive model predictive control (MPC) for
a single-phase AFE rectifier. The AFE topology used in this paper is a half-bridge boost
converter. This topology has higher efficiency than other single-phase AFEs due to the
fewer number of active semiconductor devices. Considering the presence of one leg of
capacitors in this topology, balancing the voltages of these capacitors is a challenge,
along with other control objectives. Also, this paper benefits from an MPC approach by
which the switching signal for every switching state is chosen such that the defined cost
function is minimized in the operation state to achieve all control goals based on the
predefined model of the rectifier. Furthermore, an adaptive algorithm for the inductor
current estimation is presented to robustify the control system against any unwanted
disturbance in the control system. As a demonstration of the superior performance of the
proposed method, a 1kW rectifier setup with 700Vdc output voltage fed from a
230Vrms/50Hz grid is built in the laboratory. The applicability of the MPC controller is
verified and all operation waveforms of the test setup are presented. The proposed
method offers a high-quality input current with total harmonic distortion (THD) below
5% and a high-power factor (PF) close to one. Also, the efficiency is comparable with
the available commercialized rectifiers

Copyright © Safdari, et al.
BY NC Publisher: University of Sistan and Baluchestan


mailto:mr_alizadehp@mut.ac.ir

International Journal of Industrial Electronics, Control and Optimization (IECO). 2023, 6(2) 82

l. Introduction

Switch-mode power supplies and rectifiers have high
demand in various industrial applications and home appliances
such as telecom power supplies, uninterruptible power
supplies (UPSs), chargers, motor drive systems, and LED
drivers. Diode and thyristor bridge-rectifiers are the simplest
AC-DC circuits. But, these rectifiers suffer from many
problems including a poor quality input current with high
harmonic contents and a low power factor. Therefore, new
rectifier circuits are proposed for reducing the grid current
harmonic content and improving its quality, which are known
as power factor correction (PFC) rectifiers. These rectifiers can
be categorized into active and passive groups. The passive PFC
rectifiers include boost PFC rectifiers and Vienna rectifiers,
while the active type includes active front-end (AFE) rectifiers
presented in [1]-[11].

The AFE rectifiers have a wide range of applications from
low-power systems to high-voltage DC transmission systems
and UPSs. Unlike diode rectifiers, AFE rectifiers offer
bidirectional power flow with a high control capability and
waveform quality. Therefore, these rectifiers are suitable to be
employed for energy recovery braking systems, wind turbines,
variable speed drives, and active power filters. Also, they are
used in electrolysis, transportation, controlled power supplies,
and many other appliances. However, regulating the output
voltage of AFE rectifiers and their input current PFC need a
multi-closed-loop control process, which complicates its
implementation.

The predictive control method is widely used in power
electronics due to its design simplicity, flexibility, and robust
operation with various types of multi-variable and nonlinear
systems. Besides, the high computational burden is no longer
a negative point for implementing predictive control methods
since powerful processors have been commercialized in recent
years [12]. The main concept of predictive control methods is
to use the present system state and its model for predicting the
next state of the system. This data is used to follow the future
behavior of the controlled variables in an optimized and
predefined way. Predictive control methods are mainly known
as deadbeat control, hysteresis-based, trajectory-based, and
model predictive control (MPC) methods [13].

The deadbeat predictive control method is a model-based
method that calculates the controlled variable such that the
error of the reference value and the measured one become as
close to zero as possible in each sampling period. This method
has been successfully employed for inverters [14]-[16],
rectifiers [17], active power filters [18], and PFC converters
[19]. The basic concept of the hysteresis-based predictive
control method is trying to maintain the controlled variables
within the boundaries of a region or hysteresis space [20],
while in the trajectory-based predictive control method, the
controlled variable follows a predefined trajectory [21]. MPC
is known as the most powerful method in which a cost function

is defined and the controlled variables are calculated for
optimizing the cost functions. The continuous control set MPC
and finite control set MPC are the most well-known types in
the literature. The main difference between these two types is
in modeling, implementation, and complexity [22]-[25]. The
main drawback of the MPC method is that its switching
frequency is not fixed, which incurs higher switching losses
compared to the deadbeat predictive control method, which
uses a modulator with a constant frequency.

In this paper, a half-bridge boost AFE converter with one
capacitors leg is used as the output voltage filter. This topology
offers a high efficiency due to its fewer number of
semiconductor devices. However, balancing the voltages of its
output capacitors has always been a serious challenge. Two
approaches have been discussed in the literature for balancing
the voltages of the capacitors. The first method is to measure
the unbalance of the capacitors’ voltages and add it to the
current reference as a DC value [26]-[29]. The main drawback
of this method is that the PI controller coefficients need to be
updated after every parameter change, e.g. load current, which
leads to the unbalance of the capacitors’ voltages. This means
that for the sake of maintaining the fast dynamic performance
of the converter, the PI controller should operate like an
adaptive controller, resulting in a more complicated control
process. The second approach is to replace the circuit topology
with a full bridge converter, which is not desirable due to its
higher power loss and cost with more switching devices [30]-
[33].

This paper studies the performance and advantages of the
predictive controller for balancing the voltages of the
capacitors in a conventional converter, along with regulating
its output voltage and maintaining an input current power
factor close to one.

The paper is organized as follows. Section Il describes the
topology and its operating principles. Section Il introduces the
proposed controller, and Section IV presents the simulation
and experimental results.

1. Selected Topology and Performance
Analysis
Fig. 1 shows the topology. In this circuit, the grid current
can only be controlled if the voltage of each of the output
capacitors is higher than the grid peak voltage. Two possible
states in Fig. 1 are shown in Fig. 2 and 3, where S1(S2) is
ON(OFF) and S1(S2) is OFF(ON). In the following, the circuit
equations are derived in each of the two so-called states, and
the model is discretized by using the Forward-Euler method.
According to Fig. 2, the inductor voltage can be obtained by
KVL in the loop including the input source and capacitor C1.
Accordingly, one can write,

VLS ) =Vs(t) - Rsig t) =V, (®) (1)
di (® 1 _
S L MO ROV 0) @)
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where Vs is the inductor voltage, Vs is the input source
voltage, Ls is the input inductor, Rs is the equivalent series
resistor (ESR) of the inductor, V¢ is the voltage of the
capacitor Cy, and i is the input source current. According to
the predictive controller nature, the continuous-time domain
equations should be converted to the discrete-time domain. For
this purpose, this paper uses the Forward-Euler method.
Therefore, (2) is written as,

i (k+1) = %(vs (K) Vs () + i (k)(l—%) 3

S
where At is sampling period, k is the current sample, and
(k+1) is the next sample. By using (3) and the input voltage,
capacitor C; voltage, and input current in the k-th sampling
period, the input current in the next sample can be derived.
Also, the voltages of the output capacitors in the next sample
can be obtained using the follwong equations.

At . At
Velk D= 004600~ Va0 Ve) @)
Veo(k +1) =Vey(K) - — 2 (e, (K) + Ve, (K)) 5)

Load
where C=C1=C2, Riqaq is the resistance of the load, and Vc;
is the voltage of the capacitor C,.
Following the same procedure for the circuit shown in Fig.3,
(1)-(5) can be rewritten as follows,

Vi, (1) =Vs () = Ri_ (1) +Ve, (1) (6)
.M _ 1 Rri LV
T_E(\/S()_ sip, (1) + Ve, () )

1T+

H[:% s1 €5
Vs " |:|RLoad

A?SZ c2 =

Fig. 1. Single-phase half-bridge AFE rectifier.
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Fig. 2. Converter structure when S1 is on.
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Fig. 3. Converter structure when S2 is on.

L0 = 0600 Ve (k) +i (8- (g
Ver(K+1) =V, (K) = o (Ve () + Vi, (K)) ©)
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Voo (k1) = i (0 +Vea ()~ -2 — (a0 +Veak)  (10)

Il. Proposed Control Algorithm
According to the discretized model of the converter and
based on the MPC requirements, the predefined cost function
is derived as,

g =ai, (k+D =i + AN (+D) -V, (k+D]" (1)

where g is the cost function, i is the input current
reference, and o and S are the weight factors of the cost
function. As is seen in the cost function, balancing the voltages
of the capacitors is added as a penalty in addition to input
current control. Moreover, the squared error is selected for
each term of the cost function since (11) is a binomial cost
function. Obviously, by appropriately selecting the weight
factors, a tradeoff can be made between the control objectives.

Fig. 4 shows the proposed flowchart of the control algorithm.
As shown, the input current reference is calculated by a Pl
controller with the measured values. Then, given that in each
instance, one can decide which power switch should conduct.
The input current and capacitors voltages are calculated for
every possible switching operation, along with its
corresponding cost function output. Finally, the power switch
with the lower cost function output should conduct in the next
instance.

IV. Simulation And Experimental Results

A. Simulation Result

To analyze the performance of the proposed method, the
power and control stages are first simulated in PLECS with
parameters given in Table I. Fig. 5 shows the steady-state input
current and voltage of the converter. The input current
harmonic spectrum is shown in Fig. 6 in comparison with the
IEC61000-3-2 standard. According to Fig. 6, the total
harmonic distortion (THD) of the input current is 2.7%. Also,
the power factor is close to unity (Fig. 5). The output voltage
of the converter and the voltages of the output capacitors are
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also shown in Fig. 7. According to this fig., the output ripple is
about 2%, and the voltages of the capacitors are balanced. It
should be noted that balancing the voltages of the capacitors
depends on the control method, load current, capacitance of the
capacitors, etc. [26], [27], [30]. The output power changes are
shown in Fig. 8 where the mean value of the power is 1kW.
In the second stage, the converter is constructed in the
laboratory. The system parameters are listed in Table I.
B. Experimental Result

This paper used the MSOGI-FLL technique to detect the
input voltage phase and derive its fundamental components
(without distortion). Phase-locked loop (PLL) is a common
method of voltage phase detection. The MSOGI-FLL
technique is replaced with the conventional PLL for the
following reasons:

e The control goals considered can be affected by
uncontrollable factors such as input voltage distortion and
harmonics;

e The delay in the conventional PLL causes moving away
from control goals;

e MSOGI-FLL has faster and more accurate than the
conventional PLL;

e MSOGI-FLL is an appropriate approach to getting the
frequency and reference phase in power system frequency
fluctuations and input voltage harmonics conditions.

Fig. 9 shows the MSOGI-FLL structure. According to this
fig., by harmonic analysis of the input voltage and determining
the desired harmonic number, MSOGI-FLL extracts this
harmonic component in the output. In this paper, we
considered fundamental, third, and fifth harmonic components
in the MSOGI-FLL structure [34]-[36].

Start

|

Input Data:
Vs,Is, Vel Ve2

l

Calculate isRef

[

Calculate is(k+1).Vel(k+1)
& Ve2(k+1) for two Mode
of Switching

l

Calculate g(S1)
& g(S2)

l

g(S1) < g(82)

l—Ye S

S1: ON
S$2: OFF

-

S1: OFF
$2: ON

l |
I

Return

Fig. 4. The proposed flowchart of the control algorithm.
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TABLE 1
SIMULATION AND EXPERIMENTAL PARAMETERS

Description Values

Rated Power (P, ) 1kwW
Input AC Voltage (V) 220V,

Frequency ( f ) 50 Hz

Output DC Voltage (VS 700V
Capacitor (C,,C, ) 1200 uF

Input Inductor (L)
IGBT Switch (S, S, )
Sampling Time (At)

Microcontroller

8mH (ESR =0.20)
FGL40N120AND
25 uS
STM32F407

=LA L
ol bbbl [ b :‘H N
=TT

0

- W’ \\
|

=)

m—

S

i

-200 ,
[

i

|
Wl

250 VY
-300 U U U

I

T
Vo

1.68 170 1.72 1.74 1.76 1.78 1.80 1.82 1.84 1.86

Fig. 5. Simulation results: input voltage (black) and input
current (red).

®IEC61000-3-2

S

URRENT

HARMONICS C
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) 5 7
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Fig. 6. Comparison between the converter input current
harmonic spectrum with the standard spectrum.
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Fig. 9. MSOGI-FLL structure [34]-[36].

S

Fig. 10. Laboratory setup.
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+

1 /14/div]
- V71500 T7div]
3 Ly 10 A/div]
WS W W \/\ &
N NS NE NS A

10ms/div

Fig. 11. Experimental results: CH1: input voltage (yellow),
CH2: input current (cyan), CH3: output voltage (purple) and
CHA4: output current (green).
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Fig. 7. Simulation results: output voltage (black), capacitor
C1 voltage (blue) and capacitor C2 voltage (red).
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Fig. 8. Simulation results: output power.

To confirm the theoretical and simulation results, a
laboratory setup of the proposed method is built, which is
shown in Fig. 10. The setup parameters are listed in Table I.

The steady-state input voltage and current, and output
voltage and current are shown in Fig. 11. As can be seen, the
input current has a sinusoidal waveform with THD<5%, and
the output voltage reaches its reference value with a voltage
ripple lower than 2%. The steady-state output voltage with
capacitors voltages is also shown in Fig. 12.

The capacitors voltages are balanced at the same DC voltage
(350V), and the output voltage ripple is lower than 2%.

The steady-state output voltage, current, and power are
shown in Fig. 13. According to this fig., the output power is
1kW with a very low ripple. Therefore, the successful
performance of the proposed method is confirmed.

The THD and the PF of the proposed method are measured
by using a FLUKE-435 power analyzer. The results show that
THD is lower than the standard limits at nominal power. The
power factor and THD at different output powers are also
shown in Fig. 14 and 15. The power factor is almost always
near unity.
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Fig. 12. Experimental results: CHL1: output voltage (yellow),
CH3: capacitor C1 voltage (purple) and CH4: capacitor C2
voltage (green).
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Fig. 13. Experimental results: CH3: output voltage (purple)
and CH4: output current (green) and CH-M: output power
(red).
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Fig. 14. Measured converter power factor at different output
power.

Table I1 presents previous studies in which the controller
structure has been modified to help achieve a balance in the
voltage of the capacitors. As can be seen, some studies were
limited to proving their results in the simulation environment.
Considering the difference between the simulation results and
experimental results, the studies with experimental results are
more reliable. The output voltages of the works mentioned in
Table Il are not more than 530V. Meanwhile, the voltage
unbalance of the capacitors will be higher at high voltages.

—&—proposed method

4.8

Total Harmonic Distortion

550 600 650 700 750 800 850 900 950 1000 1050
Output Power, Po (W)

Fig. 15. Measured grid current THD at different output power.

As a result, the effectiveness of the methods used in past
research for the high output voltage and output power of the
converter is ambiguous. Also, according to Table I, references
6 and 7, which have considered a higher output power for the
converter, used analog control to balance the voltage of the
output capacitors. The experimental results of this paper show
the effectiveness and appropriate performance of the controller
in reducing input current THD and balancing output capacitors
voltage in higher output voltage and power versus the previous
works.

V.Conclusion

In this paper, a single-phase AFE rectifier with predictive
control and output power of 1 KW was designed and built in
order to verify the feasibility of the proposed control method.
Simulation and laboratory results show that the predictive
controller accurately balance the voltage across the capacitors
while regulating the output voltage. Also, this method has the
ability to maintain the high quality of the grid current in a wide

range of load change.

Therefore, this method is a suitable alternative for previous
solutions. The single-phase AFE circuit is a more
advantageous topology than other well-known counterparts,
especially in terms of cost and power loss.
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Due to the high penetration coefficient of wind and solar energy in the grid and the
uncertainty of these sources, we need a possible analysis. This paper contributes to the
design, modeling, and planning a distributed generation (DG) network with wind and
solar by means of the particle swarm algorithm (PSO) and backtracking search
optimization (BSO) algorithm in the IEEE 33-bus network, aiming to minimize the
results indicate an adequate performance in a variety of environments, and the presence
of distributed wind/solar energy generators decreases network stress by feeding loads
locally. These systems (wind and solar) can be used in remote areas without power
networks, or even in areas where there is a tendency to use renewable energy despite the
presence of a power network. They can also supply the output load for most of the day
and night. Probability distribution functions are used, and the outputs are expressed as
probability density distribution functions instead of absolute numbers. In addition, there
is a high degree of uncertainty regarding the state of the system, which is an associated
renewable energy source within the power system elements. By means of the MATLAB

Boltzmann constant
Electric charge of an electron

Optimization

Pspo Algorithm software, the proposed method is implemented in order to ensure effectiveness and

BSO Algorithm validate the results. Finally, the superiority of the BSO algorithm over PSO will be seen.
NOMENCLATURE Ideality factor of a diode n

Wind velocity Vw Nominal thermal voltage of a cell v

Blade radius R Beta distribution factors ag,Pp

Blade angle B Sunlight intensity Re

Air density p Gamma function r

Turbine power factor Cp Mean and standard deviation ps and 8¢

Wind velocity scale parameter K, Open circuit voltage Voc

Formation parameter Ce Short circuit current Isc

Series resistance Rs Ambient temperature Tc

Parallel resistance Rsu Weight function w

Wind turbine output power Pw Resistance and reactance of airline Xand R

Radiation-induced current I feeder

Diode current Io Active and reactive power Qand P
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l. Introduction
To date, the issues of optimal operation with the presence of
renewable resources and optimizing the production of these
resources have become very relevant. Wind and solar power

plants are among the most attractive opportunities for investors.

The consolidation of a significant amount of power from
renewable sources such as the wind and the sun in distribution
networks poses significant operational challenges due to the
degree of uncertainty involved [1-4]. In order to meet the
increasing electricity demand, the most important task of
energy distribution companies is to plan the development of
sustainable power distribution networks [5-8]. The main goal
of distribution network expansion planning is to provide
consumers with an acceptable and affordable service [9] while
keeping voltage levels and power quality within acceptable
limits. In addition, the purpose of a distribution network is to
provide power to customers and respond rapidly to changes in
their demands. In this vein, it becomes necessary to assess the
state of sustainable energy generation with regard to wind and
solar (photovoltaic, PV) systems [10-14] in terms of
transmission, distribution, and consumption conditions. A
distribution network does not have a power plant, but it does
have transmission lines that deliver electricity to it. Large
power plants create electricity, which is then supplied to
distribution networks through transmission lines. Given the
urge to minimize coal/gas power plants and the increasing
consumption of electricity, there is a need for new generation
resources [15-19]. However, the privatization of the power
industry has changed the status of power plants from regulative
to competitive. The advent of small power plant technologies
(clean generation and higher-efficiency power plants) has
aided in meeting the current energy demands [20-22]. The
conditions of energy markets and geographical conditions
completely dictate investors’ choices with regard to power
plants [23, 24].

Many sectors of distribution networks are nowadays
crowded due to the intervention various small scale renewable
energy and coal/gas power plants. This, while investment in
the generation sector declines [25] and the energy demand
rises, as well as the price of electricity, particularly in western
Asia, in countries such as in Iran [26]. The goal of the electrical
sector is to provide residents and companies with clean, safe,
and dependable energy, so it is critical to invest in new
technologies that enhance current power systems and usher in
a revolution in this industry [27-31]. This will not be possible
unless the structure of the distribution network and its control
system are fundamentally changed. One solution is the use of
distributed generation (DG) resources [32-33]. In recent years,
the utilization of DG resources in networks has contributed to
improving effectiveness and reliability. Most classical point-
to-point methods (e.g., direct methods and derivation-based
methods) use computational techniques to arrive at the optimal
solution [34]. However, as the problem size and search space

increase, finding the solution via classical methods becomes
more complicated. Computational intelligence optimization
algorithms have been used in various fields, including science,
business, and engineering, to solve complex optimization
problems. This is due to their ease of use, wide execution
capability, and overview. The most popular method is particle
swarm optimization (PSO) [35, 36]. PSO is better in terms of
solution quality and number of iterations, namely regarding the
initial random population, particle upgrades, and the
generation of new solutions. However, these methods of
collective intelligence are limited by premature convergence
and because they are often trapped in local minima. To
overcome these issues, these algorithms have undergone
different variations, aiming to improve their performance [37].
These methods’ principles of operation are inspired by natural
genetic evolution, which why they are the most famous
example of a genetic algorithm.

In [38], the effect of influence of distributed generation with
different technologies on annual energy losses is calculated.
This includes combined cycles, wind energy, and photovoltaic
and solar cells. It is shown that wind energy has the worst
behavior with respect to reducing losses, and it is concluded
that distributed generation units with reactive power control
capabilities have a greater effect on improving the voltage
profile and reducing losses in the network. The authors of [39]
combine genetic algorithms and particle aggregation to
optimize the size and location of scattered products.

In [40], an algorithm for determining the optimal location
and size of DGs in distribution networks is introduced. This
algorithm is based on a new index that examines the effects of
energy sources. The work by [41] offers a way to optimally
locate different DG technologies in order to reduce energy
losses. Voltage limits, line load capacity, the maximum
influence of DG, and steps to increase or decrease DG capacity
are among the constraints of the problem. The authors of [42]
propose an analytical method for minimizing system losses,
which involves installing different types of DGs. To this effect,
in addition to the resource capacity, the optimal power factor
for the four types of distributed generation resources is
determined in order to obtain the greatest reduction in losses.
Thereupon, this method studies the types of DGs that can
generate or absorb reactive power.

The authors of [43] present a probabilistic method to
analyze the steady-state operating conditions of a distribution
system with wind and photovoltaic power plants. This method
is based on the uncertainty of power system loads and power
generation from renewable systems, as well as on a
combination of Monte Carlo simulation techniques and linear
equations. In [44], the load distribution of a power system is
analyzed using a new point estimation method while
considering the system’s uncertainty, which may arise from a
variety of sources such as load or downtime. A new algorithm
for the longitudinal differential protection of transmission lines
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is described in [45], and the imperialist competitive algorithm
is employed in [46] for determining the location and size of
optimal multiple DGs in a distribution network. In [47], an
optimal controlled strategy for multiple distributed generations
in a micro grid island is presented. Below are some relevant
applications of wind and solar systems in distribution networks
[48]:

1. Increasing the average annual growth rate of energy
consumption in the country and reducing oil exports

2. Expanding the influence of renewable energy on the
energy supply

3. Introducing these technologies into the global energy
supply market

4. Backing up the power supply in order to provide power
to sensitive loads such as special industrial units during
network power outages, as well as improving reliability

5. Reducing the costs associated with the power supply,
which can be very expensive in remote areas or due to
geographical obstacles

6. Providing the power required by the load during peak
hours

7. Providing part of the power required by the base load

8. Reducing environmental pollution

The aforementioned solutions have limited control
capabilities due to the lack of a communication infrastructure.
Loading transmission lines with distributed generation sources
is a common topic of discussion. This paper addresses their
placement within the power system to reduce losses and keep
the transmission lines free.

The aim of this research is to minimize the density of
transmission lines and coordination in systems that integrate
DG energy sources and wind and solar energy. The placement
of these resources is studied using the PSO algorithm in an
IEEE 33-bus network. This article first introduces wind and
solar sources, and it delves into losses in networks with DGs.
Then, the coordination of these sources and the use of the PSO
and BSO algorithm for locating and reducing line loading are
discussed. Finally, the results are reviewed and analyzed.
Among the most important works of this article:

Results of losses with wind sources

Results of losses with solar sources

Results of losses with hybrid sources

Load rate of lines in optimal condition with wind resources

Load rate of lines in optimal condition with solar resources

Load rate of lines in optimal condition with wind and solar
resources

Locating resources with PSO and BSO

Optimization and Placement of DG.../ Farhad Zishan, et al

Il.  Research Methodology

A.  Wind turbine performance

A wind turbine first converts wind energy into mechanical
energy, which is in turn converted into electrical energy by a
generator. The active power output from the wind turbine and
the input to the generator only depend on changes in the
generator's optimum speed. Thus, the output power may be
regulated by adjusting the generator's speed. The relation of
wind power can be expressed as shown in Equation (1) [18].

Py = ianva%P(x, B). 1)

Figure 1 show a diagram and power area in terms of wind
turbine speed. Wind turbines start moving at cut in velocity
and generate electricity up to cut out velocity. Where V is the
wind speed, R is the blade radius, B is the blade angle, p is
the air density, and Cp is the turbine power factor, which is a
function of A and B Figure 1 shows the power-speed curve of
the wind turbine. Wind turbines start moving at a cut-in
velocity and generate electricity up to a cut-out velocity. The
type of wind turbine considered in this study is DFIG. Wind
velocity is modeled with a Weibull distribution. The
Weibull function is a specific state of the gamma distribution
which is more flexible than other functions. Moreover,
different time frames can be used for long-term measurements.
Wind velocity can be characterized by its mode and by random
events. The implemented Weibull distribution function is
shown in Equation (2) [49]:

(v) = 2 (Gt v exp [~ @

Where Kw is the Weibull wind speed scale parameter, Cw
is the Weibull wind speed formation parameter, and V is the
wind speed. The turbine output capacity can be determined
according to Equation (3) [50-54]:

i

1N o o =
EN o ® - [N}

Turbine output power (pu)

o
N

.
0.6 0.7 0.8 0.9 1 1.1 1.2 1.3

Turbine speed (pu)

Fig. 1. Wind turbine performance in different areas
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0 if v<Viorv>V0
Pwre = { Prw v if Vi<v<Vr 3)
Pw if Vr<v<Vo

Where Vi,Vo,and Vr are the starting speed (cut-in
velocity), the cut-off speed (cut-out velocity), and the nominal
velocity of the turbine, respectively. Note that v represents the
wind velocity.

B. Photovoltaic Cell Modeling

Solar energy is converted into electrical energy by
photovoltaic panels and converters. Photovoltaic technology
uses semiconductor cells made up of diodes. By radiating light
on the cell, voltage and current are produced. The cells
combine to form a module that can be modeled as a current
source parallel to a diode, as shown in Figure 2. Using the
relationships of the solar cell, a general relation can be given,
as shown in Equation (4):

q(V+LRs)
[=1, —Io (E—nkT _ 1) __ V+LRs

Ron (4)
In this equivalent circuit, RS and RSH are series and parallel
resistors, IL is the radiation current, 10 is the diode current, k
is the Boltzmann constant parameter, q is the electric charge of
one electron, T is the cell temperature, n is the ideal coefficient
of the diode, and v is the nominal thermal voltage of the cell.
Solar radiation is modeled as a distribution function based on
the model presented in [20]. The probability distribution
function can show the probable state of the solar radiation
phenomenon. Solar radiation has a high degree of uncertainty
and changes as a function of several factors such as climate,
time, day, month, season, and the orientation of solar cell
generators (P_SCG). Sunlight is modeled with the beta
distribution function, as shown in Equation (5) [20]:

. _ Flap+Bp) pag-1,1 _ py\B
f(R.aB,BB)—F(aB)F(BB)RB (1—-R)Ps (5)

Here, o (B ) and B (B )are beta distribution factors, and
PSCG is the output power is related to solar radiation, which is
shown in Equation (6):

Rs I
NN— +
1o || Isn

n® Y

Fig. 2. Circuit equivalent to a solar cell

Py ifv<R <R
Psce = 4 Prs ﬁ if RC<R<RSTD (6)
Py if Rgrp < R

RSTD is the radiation intensity under standard conditions
(usually 150W/m2), P_rs (usually 1000 W/m2) is the output
power of a solar cell, and PSCG is the total output power.

C. Modeling network losses

Determine the number of changes in distribution network
losses when DG re-sources are integrated, the load distribution
of the network must first be calculated. The purpose
determining the load distribution in this context is to analyze
the voltage quality at each connection point. The increase in
voltage due to the presence of the generator is obtained with
Equation (7):

Av = PR+QX )

For low-voltage networks, the effect of the resistance is
greater than that of the reactance. Therefore, active power is
more effective than reactive power in the network. For control
purposes, the powers in the network are continuously
measured. Implementing a power measurement period and
running simulations can be an effective way to minimize losses.
Figure 3 shows a part of the distribution feeder and power
distribution path. The generators provide active power, but
their reactive power capabilities are not used.

The reactive power at bus 1 (a load-bearing bus) can be
obtained from Equation (8):

Q= Qu+ Qy )]

In this equation, if the reactive power of generator G1 is
equal to Q1j, equal to the sum of Q2j and QL1 according to the
node law. The same procedure applies to other buses. To
achieve optimal loss reduction [21], most operators cannot get
the reactive power of DG resources.

A. Resources Uncertainty

There are several uncertainties throughout the distribution
network, including changes in network load and the accidental
output of power equipment. With the use of renewable energy
sources, which have a variable nature, the uncertainty of power
systems has increased even more. This poses many challenges
with regard to the design and planning of these systems.
Analytical load distribution can help to calculate the voltage of
the nodes and the power of the branches under certain defined
conditions, but it is not able to consider the uncertainty of the
network parameters. Because wind and solar power are
completely random and probabilistic, the amount of electrical
power they generate during the day or night is completely
variable. The optimal location of solar and wind resources in a
distribution

MAIN SUBSTATION END OF THE FEEDER

P 7R
N7 YR, m\__z/

il
=

Fig. 3. Example of power distribution [21]
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network is obtained by considering seasonal loads and changes
in weather conditions, such as the solar radiation level and
wind velocity. De-spite the uncertainty, the beta distribution
for solar resources can be expressed as shown in Equation (9)
[53-55]:
ft(S) _ F(at+Bt)
ST r@haBh
for at>0 ,B'>0

% (s Ha (1 — 9P ©)

Where I' represents the gamma function, a and B is
parametric quantities, fz(s) i is the radiation intensity, and
5% and ut are the mean and standard deviation, respectively.
The wind distribution formulation is as follows:

t Kt
t—1
exp* (‘C’—:) for ct>0 ,kt > O,kt >0
Where k' , wind velocity scale parameter, and ctis the
formation parameter. These are calculated according to
Equations (11). Generation capacity of the solar system is
calculated, as according to Eq (12).

(10)

gt 1086 .«
= (2 t — v
k (ub) ¢ r(1+$) (11)
t
vazzgil PGpy*Pg(sh) (12)

This equation is used to distribute the wind velocity and
radiation level throughout the day and night by considering the
variable daily load consumption and, as a result, the potential
power generated by the solar cell or wind turbine. This is done
by integrating the potential density function. Thus, [PG]
_PV and P_(S) are calculated, as shown in Equation (13).

P(sg) =
t, ot
f()sg+sg+1)/2 fst(S)dS
Sg+sga)/2
Sg-1+55)/2

for g=1

fi(s)ds forg=2...(N—1), (13)

fi(s)ds for g = N

f
t t
sg_1+sg)/2

PGPVg (sag)=NPvmodel+FF+Vgxlg

The current, voltage, and temperature of the panel are
determined as follows:

Ig = Sag((Isc + Ki(Tc — 25))
Vg = Voc — Kv * Tcg (14)

Tcg =T, + Sag(NLB_ZO)

The efficiency of each solar panel is calculated according
to (15):

Optimization and Placement of DG.../ Farhad Zishan, et al

FF = Vumpp*IMpPP (15)

Vocxlsc

Iyppand Vyppare the maximum voltage and current of each
panel. Losses Py are calculated according to Equation (16):
t 2 t 2
1 Til(Ph,is1) +(@b,ix1)

DALY .
(Vi+1 ) (16)

PLoss =
Nt

Ppir1and Qy ., q.are the active and reactive power, Vi, qis
the bus voltage, and Nt is the number of bus lines.

B. Objective Function

For the sake of stability and security, as well as to improve
the power quality, several limits are established for the voltage
and current across the lines, as well as for the losses. Hence,
the above-mentioned constraints imply an optimization
problem. To solve the problem with the one-objective
optimization method, the variable weighting technique is used
(Equation (17)). The goals of the optimization problem are to
minimize the average annual power losses, maximize the
voltage stability index, and minimize the network security
index. Traditionally, a multi-objective problem is
reconstructed into a single-goal optimization one via the
weight accumulation method, as the objective functions
depend on the location, size, and type of renewable DGs. Thus,
a multi-objective performance index can be formulated [55]:

17
Nb
F=f Z PDG;; # ni * Li
i=2 j€type
= w1l x sPLos, — w2 * VSF, + w3
*NSla  wi=[0,1]

PDG;;, is the bus injection capability and w is the weight
function. Indicators are used to assess voltage stability. Buses
in the transmission or distribution network are very fast And
effective tools for measuring off-line voltage stability Status of
buses Voltage stability index VSF proposed in for each bus-i
in the time segment’s’ can be displayed as follows Nb is the
total number of network buses. It is assumed that Bass-1 is
located in the main distribution post. . The network will
become more stable. VSF is calculated according to Equation

(18):
o, 2N vsF]
SFa ="y VSFi=Q@n-V) (19

The formulation of losses while considering generation and
reactive power is expressed below [56]:

PGS + X1 Njetype PDGyj + i+ Li — X%, Py —
PLoss' = 0, QG + — Y5 QY — QLoss' = 0 (19)

Eq. (23) is considered in the distribution network:
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Zg\]=b2 Zj€type PDGi,j *ni*Li < ZF:I)Z P]t)i (20)
Where PGgand QG are the active and reactive power fed

by the substation at a given time, and Plosst and Qlosst

are the active and reactive power losses at a given time PSO

algorithm, whose full details are reported elsewhere [57], was

implemented in this research.

C. Backtracking search optimization algorithm
(BSOA)

Backtracking search optimization algorithm is introduced
in [30-31]. This algorithm uses the jump operator during the
search to avoid getting stuck in local optima during the first
iterations while obtaining new solutions. The main
components of BSOA-based design, i.e., initialization,
selection, mutation, reproduction, and selection, are described.
There will be a random generation (PoP) initialization phase at
the edge boundaries:
fori = 1: PopSize
forj = 1:D (21)
PoP(i,j) = PoPmax(j) — rand/

(PoPmax(j) — PoPmin(j))
end
end
In relation (21), Pop Size and D are the maximum
population size and the dimensions of the population set. The
algorithm with selection, mutation and reproduction is the
following steps:
Define mixrate
oldPoP = oldPoP(randperm(PopSize),:);
map = zeros(PopSize, D);
ifrand < rand,
fori = 1: PopSize, (22)
u = randperm(D);
map(i, u(1l: ceil(mixrate * rand * D))) = 0;
end
else
fori = 1: PopSize,
map(i, randi(D)) = 0;
end
1. The System under Study and result
The single-line diagram of the studied system (IEEE 33-bus
network) [58-59] is shown in Figure (4), and the model
information is shown in the Appendix. The set under study
comprises a combination of the aforementioned resources,
along with their quantity and location. There are several
Properties in power systems, including changes in network
load and the accidental output of power equipment.

2627 28 29 30 31 32 33
Slack %
1 7 8 91011121314151617 18

Fig. 4. IEEE standard model of a 33-bus distribution network

With regard to the performance of the system for a 24-hour
period, the probability distribution program of solar and wind
power plant is shown in Figures 5 and 6, and the information
of these models is given in Tables 1 and 2. Due to the relatively
small asymmetry, the probability distribution of the resources
is relatively symmetric and may be approximated by a normal
distribution. If it has a relatively large and positive symmetry,
the probability distribution will tend to be in one direction (left
or right). In this case, it cannot be approximated to a normal
distribution. Data sometimes creates a curve that does not have
a natural distribution, i.e., its two ends are not symmetrical.
When there is no fit between the two ends of the curve, the
curve is skewed.
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In Table 1, a comparative summary of the literature on the
protection of smart grids and MGs has been presented. The
summarized literature review shows that a research gap exists
in developing a new study for MG protection using the DS-
DOCRs that takes into account N-1 contingency-based
network topologies and corresponding selectivity constraints.
This research aims to fill this gap. Indeed, using the DS-
DOCRs, as a specified characteristic, would be useful to
mitigate the challenges of the protection system’s speed in [4].

TABLE 1
PARAMETERS STUDIED IN THE SOLAR SYSTEM

Photovoltaic system power 200W
Maximum voltage 28.36V
Maximum current 7.76 A
Open circuit voltage 36.96V
Short circuit current 8.38A
Flow on temperature factor Ki = 0.00545
Voltage on temperature factor Kv =—-0.1278
TABLE 2
WIND SYSTEM INFORMATION [59]

Minimum wind speed 5 mis
Maximum wind speed 20 m/s
Average wind speed 9 mls
Generation capacity 250 kW

Figure 7 shows the proposed per-unit load value for the four
seasons. Note that the load peaks occur many times at noon
and during the night.

1.15

11 F —O— Summer
—O— Autumn " g
1.05 —O— Winter > 1
Spring

Load (pu)
o
&

0.85 1
0.8¢ J
0.75 : : : :
5 10 15 20
time (hour)

Fig.7. Load for a season of the year for DG resources
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In the first stage, the PSO algorithm is used to find locate
wind power plants. As an optimization issue, the mode
estimation problem requires deliberate and restricted
performance. Figure 8 shows the power generation of wind and
solar power plants throughout a day. The variable loads and
generators are considered to be fixed variables, and the
distributed generation resources are regarded as variable
modes. The results regarding losses with wind, solar, and
hybrid sources are shown in Figures 9, 10, and 11, respectively.
Figure 12 shows the convergence diagram for locating three
wind power plants.
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Fig. 8. Power generation after implementing the PSO
algorithm throughout the day in a year with four seasons:
(a) Hourly solar power generation and (b) wind power
generation in the studied period
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Distributed generation resources usually reduce the feeding
path, which reduces network losses. A load-proportional DG
is installed at the desired location according to the relationship
between the loss formulation and the reduced injection
capacity. In fact, the effect of these sources is on the voltage
and loss profiles, and these two components are closely related.
The presence of DGs, as they feed loads locally, also reduces
network load (Figure 13) and frees up the different line
capacity, which is one of the advantages of these resources.
However, some lines may be overloaded if the design is not
adequate. Normally, DG reduces line current by feeding part
of the network load. However, de-pending on the size and
condition of the network, it is possible for the DG current to
flow in the opposite direction. If the DG is larger than its loads,
part of its current will return to the post. This may not be a
problem unless the flow through the post is greater than the
conductor capacity. However, this can occur under certain
conditions, one of which is the release of loads after the DG
due to unpredictable errors. If the DG size is large and the
network is designed based on the same assumptions as
traditional networks, it may face overcurrent issues. Figures
(14, 15) show the load of lines with solar and hybrid resources.
Note that, with the hybrid system, the line release space is
significantly different than that of the previous two modes. The
three wind resources are placed at nodes 30, 24, and 13 of the
IEEE 33-bus network. More wind and solar resources were
also tested, and their locations are shown in Tables 3 to 5.
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TABLE 3
LOCATING WIND RESOURCES IN THE 33-BUS NETWORK
Number of wind Locating Locating resources
resources resources with with PSO
BSO
3 13-24-30 11-24-30
4 4-24-27-30 4-24-27-30
5 7-13-14-29-32 7-13-14-29-32
TABLE 4
LOCATING SOLAR RESOURCES IN THE 33-BUS NETWORK
Number of solar Locating resources Locating resources
resources sources with BSO with PSO
3 13-24-30 13-24-30
4 11-13-17-27 11-15-17-27
5 13-14-27-29-32 13-14-27-29-30
TABLE S5
LOCATING HYBRID RESOURCES IN THE 33-BUS NETWORK
Number of Locating resources with  Locating resources
hybrid resources BSO with PSO
3 13-24-30 13-24-30
4 11-13-17-27-32 11-16-17-27-32
5 7-13-27-29-32 7-13-27-29-31

IV. Conclusions

The utilization of renewable energy sources, which have a
fluctuating nature, has increased the unpredictability of power
networks, which poses a number of challenges to their design
and development. This study presented the calculation of the
probability density function for networks with loads and wind
and solar sources with variable output, thus contributing to the
minimization of the u coordination in network load and
unintentional power equipment output. Sustainable wind and
solar power systems were located using the particle swarm
optimization algorithm. In this study, the effect of distributed
generation on a 33-bus network was analyzed. The optimal
location of solar and wind resources was determined by
considering seasonal loads and changes in weather conditions
such as solar radiation level and wind speed. The coordination
of these sources was based on the PSO and BSO algorithms,
aiming to reduce the line load. The results show acceptable
performance under various conditions, and the presence of
DGs reduces network load because they feed loads locally. The

optimal results of resources with two algorithms were
compared and showed close answers. These systems can be
used in remote areas without power grids or even in areas
where, despite the existence of a power grid, there is a

tendency to use renewable energy. It is presented for future
research in this field:

* Reducing voltage fluctuations to achieve the maximum
production power from DG sources

* Improving line losses by using compensators
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This work is trying to introduce a fractional order floated pole controller as a fast and
robust approach. We designed a robust variable structure control that yields a continuous
and constrained control signal, also a fast response in the presence of model uncertainties
and external disturbances. In the proposed controller, we employed the pole placement
algorithm, then by designing proper polynomials gave it robust property, then due to a
simple optimization routine, we make it fast and faster within the stability region. Finally,
to evaluate the proposed method, numerical examples in different situations of the
presence of noise, disturbance, and model uncertainties, also comparative results are
presented. This paper proposed an accurate, fast, and robust controller. This can improve
the performance of the perturbed functional systems used in the industrial fields. It is
proposed to spread the benefit of fractional calculus in the control of complex systems in
practical situations.
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I Introduction
A. Background

The main goals of each control system are to achieve the
appropriate speed and accuracy. Besides, the control systems
demanded to be used in the industry suffer from degradation
caused by model uncertainties and external disturbances. In
this manuscript, with the benefit of recent findings on two
wings Fractional Calculus (FC) and Variable Structure Control
(VSC), we are to propose an accurate, fast, and robust
controller. This can improve the performance of the perturbed
functional systems; robust control provides a reliable base for
future smart systems.

B. Literature review

As the first wing, in this work the FC is used to spread the
benefit of FC in control of complex systems; moreover, the
advantage of using FC in real application has been proven in
recent research [1]. FC is the generalization of Integer-Order
(10) differentiation to Fractional-Order (FO) ones. It has a long
history in mathematics, and today enhancing both transient and
steady-state responses of the closed-loop performance is
confirmed. Furthermore, FO controllers can make a very
important role in robust systems against model uncertainties
and disturbances [1, 2]. Fractional-order (FO) controllers offer
greater flexibility in robustness that can only be achieved with
high-order 10 controllers [2]. Using FC in robust control can
make a remarkable improvement compared to the
conventional 10 control [3]. In [4], an optimal approach for a
fractional-order PID controller proposes to control electrical
autonomous cars. In [5] the fractional-order PID controller in
a combination of the type-2 fuzzy logic is developed for
efficient and robust control of seismic systems. PID control as
a common form of industrial control is faced limitations like
uncertainties and parameter variations. Using FC in PID first
proposed by Podlubny, and gives more efficiency in
robustness of the system against gain variations [6, 7]. Sliding-
Mode Control (SMC) as another traditional robust control
strategy experiences chattering phenomenon, because of the
switching non-linearity [8-10]. In [8], a model-free adaptive
SMC is designed for control of input saturated chaotic systems.
In [9] a fractional-order sliding mode controller is improved
considering the estimated disturbance output. SMC uses a
linear hyperplane as the sliding surface. In [10] a non-linear
sliding mode observer is used to compensate cyber-attack and
load disturbance in smart power systems. However, these
control methods ensure asymptotic convergence of the system
states to the equilibrium point, but there is no guarantee in
finite-time. For a better robust control, the modified versions
of SMC are used; like Higher-Order Sliding Mode Contraol,
Terminal Sliding Mode Control (TSMC), etc... [11]. In [12]
neural network-based TSMC is mentioned for control of the
on-holonomic spherical robot. A deep recurrent neural

networks with TSMC for a chaotic fractional-order financial
system is proposed in [13]. Chattering is discussed still as a
challenge in TSMC. Fuzzy and neural network approaches is
used in SMC it’s modified versions to enhance the robustness
of systems [14]. In addition, using FC in SMC preserve all the
advantages of SMC and additionally, can reduce chattering
and to improve the robustness of the system. In [15] a new
design of robust fractional adaptive decoupled control on a
parallel micropositioning piezostage is proposed that contains
three intuitional terms. A feedback model reference adaptive
control term with fractional updating rules that represses the
creep effect, external disturbances and parameters uncertainty,
further increases the robustness and accuracy of positioning.
However, this work assumes the prior knowledge of the upper
bound of the system uncertainty. First use of fractional order
control (FOC) in power electronics is mentioned in [16]. A
new robust fractional-order super-twisting sliding mode
control for supercapacitor-based power supply is proposed in
[17]. As the chattering-free design of the controller, a robust,
steady and smooth DC voltage can be provided. Also, this
controller requires prior knowledge of the upper bound of
system uncertainty.

On the second wing, VSC as an effective way to achieving
the least settling time is performed. In VSC the control
decision switches between n designed control way to achieve
short settling times [18]. However, high frequency pattern
switching in VSC is not desirable in industrial applications. So
Soft Variable Structure Control (SVSC) introduced through
increasing the number of predesigned structures to infinity in
order to the selecting control function becomes continuous [18,
19]. But, because of the lack of robustness discussion, there is
no reliability in the operational use of multitude of theatrical
systems in the industrial environment.

C. Research gap and motivation

With an increasingly understanding of the potential of FOC,
the number of studies and applications is increasing. However,
by summarizing the current research results, it can be found
that the research on this field is still at a preliminary stage. Our
try is to develop a new control strategy for FO systems and
help to complement the exploitation of the applications of FOS
in modeling and controlling complex physical phenomena.

D. Challenges

To overcome the problem of disturbances in practice,
applying FOC in variable structure schema is on the agenda;
we are to solve the problems of modification of the RST
control structure [19] with proper polynomials that guarantees
the robustness of system, and propose a routine to vary the
control signal continuously in a limited frame. The challenge
relevant between velocity and parameters of the controller is
adjusted by the Characteristic Ratio Assignment (CRA)
method [20] in the FO pole placement algorithm [21]. The
proposed VSC is to have a stable and robust control system,
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with quick response, soft and restricted control signal.
E. Contribution
The contributions and novelties of the work are summarized
as follows:

e The presented SVSC approach is raised in FO systems;
compared with SVSC in [18] that are integer-order.

e The variable structure property of the proposed scheme,
compared to fixed structure control in [22, 23], carries out
a faster response, robust and stable control system, with a
smooth and restricted control signal.

¢ In comparison with [19] that uses PSO, in this paper in
order to decrease computational effort, a new simple and
stable procedure for changing the parameters of the
controller is proposed.

¢ In comparison with [19], system the robust performance
and robust stability against external disturbances and
model uncertainties is guaranteed.
F. Paper organization
This paper is organized as follows. In section 2 the
procedure of the proposed SVSC is reviewed. Section 3
contains the stability and robustness discussion of the proposed
control schema. Section 4 presents the simulations to validate
the efficiency of the control system. Section 5 is dedicated to
concluding remarks.

1. The proposed control scheme
To introduce the new proposed control scheme, we divided
the dissection in four subsections: RST control structure,
generalization to FO, desired commensurate system, and
the SVSC approach.
A. RST control structure

The RST control structure is employed as a Pole Placement
Controller (PPC) [20].

If we consider the system G and desired system G,, as
follow:

B b,s*™+b, s +..+b;s™ +b,

A ash+a, s +..+as” +a,

)

G B _ b/s* +b/ 8% +..+bjs% +b/ o
"OA, as™+al st +.+ast +ay

m
Where a;, b;,p;,qi€R, 0<q; <q; <+ <qm and 0<p; <

Py < <pm Also, a';,b';,p'i,qi€R, 0<q1<q', <<
qnand 0<p'y <p'y<--<p'p Anisthe desired
characteristics polynomial and the A. is closed loop
characteristics polynomial from Diophantine equation:

AR +BS =A, 3)

So we will have:
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r T u B y
Grr =% G=7

v

A

Fig 1. The RST control system
Y. B BT

m

BT (@
Amym(t):Bmuc(t) = T T T e T A ®
u A AR+BS A,

C m

The controller polynomials R, S and T will be derived from (3)

and (4).
B. Generalized FO-PPC

To generalize the RST method to FO-systems, at first, we
make an integer-order reflection of FO polynomial. Therefore
in polynomials, the minimum common resolution (q,,) will be
chosen and substituted by §. Second, the RST-based PPC will
be applied to the reflective transfer functions [22].

By, b, 6" +b 6" +..+b,5" +b,

G, = 5
() A(J) amé‘Pam +a~m71590(m4 +a1§P0‘1 +a0 ()
B,  b/S* +b! 5™ +..+b/5% +b) ©

m (0) Am(a) aﬂ: 59p’m +ar;7159p;.4 +31' ap1 +a0’

The Diophantine equations (3 and 4) and Re-reflecting, give
the S, R, and T, in FO form. By this design, the closed loop
poles are directed to desired. Also, removing unstable zeros
and poles is avoided.

C. Desired commensurate system

Because of the high-order nature of FOS, the velocity-
parameters relation is adjusted by the CRA. According to CRA
and Laplace scaling property, the response of closed loop
systems (8), is &-times faster than the response systems (7) and
the overshoots are the same.

_ 8
G6) a,s™+a, s+ +ast +a, ()
qn
Gney = o q q(nfl)g & a(D, o0 4~
a,s’ +a,_¢"s +.. 4+ ast + M,

®)

Where g is commensurate fractional order.
D. The SVSC approach
In the non-variable structure controller, the amplitudes of

states decrease during the control period, so if we can modify
the parameters of the controller during a control clock most
capabilities of the control system can be used and earn a faster
controller. Based on the proposed SVSC approach, at first, a
FO-PPC will be designed; then the time-scaling factor & will
be large and larger in the stability framework and constraint of
the control signal. Changes in the controller’s parameters make
the system faster while the overall system is stable, the control
signal is limited, and since the number of changes in the
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controller decreases to infinity, the control signal is smooth.
In our proposed method, after shaping the FO-PPC, we try

Increase & in Gpg by consideration the following

conditions:

>8>0

Grr

1-GG,

1§ —&ial < N|x(t)|

|T' = [Upmax| <0 )
Where N is a positive constant. We have &; = &_; + Nx,
and if the condition (9) is not fulfilled in the increase ¢, then
& = &1 — Spx(y until establishment of (9). s, is a positive
constant. So we get the biggest time-scaling factor &, the
desired commensurate system will be reshape in each control

period i , and by applying the controller the overall system

were faster and faster.

1. Stability, sensitivity and robustness
In this section, the stability discussion of the system is
provided in subsections on internal and overall time-variant
system stability. Also, the sensitivity and robustness of the
proposed system against external disturbances, noise, and
model uncertainties is interpreted.

A. Internal stability
In order to have internal stability and model following

condition, BT and A. have to have no common factor in in
Diophantine equations (3, 4). So we separate polynomial B
into B* and B~ as stable and an unstable part (10). The unstable
poles of B~ cannot be canceled and it can cause instability
problem; to overcome this problem, we can consider B™as a
partof B,, (11). And, B*should be a common factor in A. and
R (12, 13).

B=BB" (10)
B, =B B’ (11)
R=RB" 12)
A =AA B’ (13)

Where Ay is the residual part poles. Therefore, the Diophantine
equation is reduced as bellows.

AR'+BS =AA, (14)
Also, about T we will have

T =AB, (15).

B. Time-variant system stability
Changing the controller parameters during every control clock

leads the proposed controller to a FO time-variant system. We
consider the proposed SVSC as the following system.

dt*
Where x(t) € R™ is the system state vector, A(t) € R™™ is

X () =At)x (t) =Ax (t)+AA ()X (t) (16)

system equivalent matrix. The VSC approach produces the
time-variant portion , AA(t) € R™", the, A(t) € R™" isa
constant matrix, and 0 < a < 2 is fractional order

In the following, before presenting the main theory of stability
of the studied system, it is necessary to mention some
definitions and lemmas.

Definition 1: The a-order Caputo derivative of function h,

is defined as (17), and its Laplace transform at t, =0 is
written as (19) [1].

iumm=rm{aﬂﬁ—ﬂ“wwvma n-l<a<n (17

I'(r) = [t e "dt. (18)

©

fe " Drx )dt =sX (5)- 5" X (0),(n—1<<n) (19

Where T'(.) denotes the Gamma function.

Definition 2: The system [SDFx(t) = gy, 0 <a <1
(also 1 < a < 2) is stable if, for any initial values, there is
€ >0 such that ||x|| <e for all ¢>t,. The system is
asymptotically stable if ||x|| = 0 as t — +co.

Definition 3 [1, 24]: The introduction of Mittag-Leffler
function is mentioned in (20), and its two-parameters form and
its Laplace transform are mentioned in (21) and (22).

O

E =

@) ér(kaﬂ) (20)

o0 Zk
E =
ST @
s’ £

LIt7E  (—at)l = (R Al 22
{t7E.L A= RE)> 1) @)

Where z is a complex number, 0 < a, 0 < and L{.}, is
the Laplace transform symbol. In particular, if « =1 and
B =1,then E;;(z) = e”.

Lemma 1 [19]: If A€C™™ and 0 < a < 2, u satisfies

”a/2<”<m'n{”’m}, B is an arbitrary real number, and P >

0 is a real constant, then Mittag-Leffler function in (23)

applies.
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P
L+[A

E,,(A)< (23)

In which ,u£|arg(spec(A))|£;z, |||| is the L, norm and
spec(.) denotes the eigenvalues of the matrix.

Lemma 2: based on Gronwall inequality [19] for all continuous

functionson [t T)T<+x , k(t)>0and we have

xP)<h@)+[k()x(s)ds, teft,T) (24)
then X(t) convinces
x(t)sh(t)+jk(s)h(s)exp[jk(u)du}ds. (25)
Theorem 1: For fractional order « if:
0<a<i, larg(spec(A))| > a2 , alAl>1 ' and
limlA©x ol -0
AA(X () 4, X0 <@ applies,
Di<a<z, larg(spec(A))| > ax/2 . (@-D|A|>1, and
S PR
BAEX () 5, lim k=0 ties:

then the system (16) is asymptotically stabile.

Proof. (a). The PPC system is as follows.
DX =AX +Bu =(A +BK)X =AX (26)

Where K € R™ includes the pole placement gains and

A +BK = A . So the time-variant proposed SVSC can be
considered as (16).
To get the solution of (16), firstly we take Laplace transform

on (16), and secondly Laplace inverse transform.
X (s)=(Is“ —A)*(s“ "%, +L {AA @)X (t)}) (27)

p , (28

K(0=E,(AC-1) )5, + [ E. (AC-r)aa@x (e @
Where | is identity matrix.
Lemma 1 says that there exist positive constants Pand P,
that get as follows.
P|x,| Lo(t-7)'P

2+ |AA(T)X(7)|dT
1+||Alt-t,) L[1+HAH(t—f) | H

Ix®) <

Considering the assumption |&; — &_;| < N|x(t)| we have
200 < ;o) @)

Substituting (30) into (29), we gets

lx(e)ll < G

Pllxoll ft
1+[|All(t-t0)* to 1+lAll (-
By applying Lemma 2 on (31), results in:

lxlldz —(31)
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Pllxol ¢ (t-D)% x|
x(O| <
(Ol LAt S AT 1T
s (t—-s)%lds ) _ Pllxoll
exp (fr arale—®) 4T T Tl
bt (=05 x| Pllxol

t __1 - _+\a
(Al =) LAl ol aar) At

Pllxolllal@a) ff (e — iz -

_i2) Mgg)ra-=

—ag. —_ Plxoll (Grar) NS
to) " %dt 1+ 14l (=tg)® + Pllxo l1lAll r 1+ﬁ—a) G

1
BT (32)

Thus, when t — +oo,|x(t)| >0 for «|A|>1, that ensures
the asymptotic stability of the system (16).

(b) assume x® (¢ ) = x, (k =0,1) &s initial conditions. Through
the Laplace and Laplace inverse transform, the output of (16)
is as follows.

X(t) = Eal(A(t _to)n)xo + (t _to)Ea‘z(A(t _to)a)xl

) (33)
+I (t—-7)"'E,, (Alt—7)")AA(z)x(r))d7.

Py

Lemma 1 says that there exist positive constants ', 2, and

Pssuch that
— t _ et
Ol e el e
1+{Alt-t) 1+Alt-t) 1+]Alt-7)
Considering the assumption |§; — &_,| < N|x(;| we have

|AA®X(O)] < o) (@)

Submitting (35) into (34), we gets
P, |%,||+P,(t-t, Lo(t-1)!
Hx(t)HS H H ( )HX1H+I (t-7) .
AC-t)  iLAE-9)

By applying Lemma 2 on (36), results in:
Pyllxoll+P2(t—to)llx4ll
< A0 e ol
IOl = == e
ft (Pallxoll+P2(t=to) lx1 N (E-D)*~* (fs (t=5)*"1ds )
to  (1+[IAll(T—to)*(1+[IAll(E-D)%) Pk (1+lAll(e-)*
(P4 lxoll+P (¢ =to)llxa [N (-1

HAA(T) X(T)H dr (34)

AA(r)X(r)HdT
(36)

P1lixoll+P2(t—to)llx4ll ff
1+ All(E-to)*

— <
L 4llale—t) D +lal e @A)

1) (gm)ra-o
+ Rullxglllal @A) DD
]

(¢ — )T (37)

P1llxoll+Pa(t=to)llx4l
1+[|All(t=to)®
1 1\ r(m)re-o

(T 4 By 14 ) T

.
Therefore, if (@-D|A|>1 then Ixt)|—>08S t —> oo,

which implies that the system (16) is asymptotically stable.

C. External disturbances
Assume that there is a process disturbance d and

measurement noise n as is illustrated in Fig. 2. In the system
in Fig. 2 y is the process output and y, denotes the

measured signal. So for the signals y, y,, and u we have:
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d n
N u o l.é}m,

Ge

F N

Fig 2. Block diagram of closed-loop system with load
disturbance d and measurement noise n

Ay =Bu+d)
Ya=y+n (38)
Ru=Tr - Sy,
BT BR BS

y= r+ d+ n

AR+BS AR+BS  AR+BS

_ BT , BR . AR _ 39)
Y= AR+BS' T AR+BS.  AR+BS

AT BS AS
u= r— d- n
AR+BS AR+BS AR +BS

These equations show the effect of command signals and
disturbances in the closed-loop system response separately.
The design of the closed-loop system assumed always stable,
so all the roots of characteristic polynomial A, = AR + BS is
in the left half plane. The Diophantine algebraic problem is
finding two polynomials R, and S, for given A, By,
and A from one equation (3). The designer can consider
the auxiliary constraints by choosing an appropriate
polynomial and obtaining another one.

First, consider the low frequency load disturbance d is a step.
To avoid that there is a steady-state error we must require that
the static gain from the disturbance d to y, is zero. This

means that lsil% By Ry = 0. If the process itself has a

nonzero gain, s must be a factor of R(s). Secondly,
measurement noise is typically of high frequency. One way to
make sure that measurement noise does not generate large
signals is to require that the controller G, have a low-pass
filter nature. This means that measurement signals do not give
any errors in the process variable. To summarize, the
disturbances can be dealt with by introducing constraints on
the polynomials R and S.

D. Model uncertainties
If we consider that the design of the controller is based on the

nominal uncertain modelG, true open-loop transfer function is

G; The closed-loop system will be T, and T, respectively.

GG
= 40
71466 (40)
GrrG
i
T, =—— 4
71466 4
The sensitivity of closed-loop system respect to variations in
G is given by
dTCl _ fo

dé ~ (1+G.6)? (“42)

The relative sensitivity of closed-loop system respect to G
can be written as

T, 1 dG_FdG
T, 1+G6G G G

(43)

The transfer function T is called sensitivity function and

transfer function A is called complementary sensitivity.

1
r=——— (44)
1+G,G
A=1-T= GcG
- “116.6 (45)

The poles of the closed-loop system are the zeros of the

function

fis) =1+ Ge(s)Ges)
=1+ Ge(o)Gs) + Ge(s)G(s) = Ges)Gs) (46)
=1+ GC(S)G(S) + GC(S)(G(S) - G(s))

If in the left half plane
R G
Wmﬂ@n—G@NS|1+QG“ﬂ7ﬂWﬁ| (47)
Ci

Then it follows from the principle of variation of the argument

that the differences between the number of poles and zeros in

right half plane for the function 1+ G.G and 1+ G.G are

the same. The relative precision needed for stability robustness

is obtained by dividing by G.G.

‘G—G 1+Q6_wq
G G.G

(48)

A
The complementary sensitive function thus makes it possible
to determine bounds for stability robustness. The following
theorem results.

Theorem 2: Consider the closed-loop systems T, and T,
obtained from systems with transfer functions G and G |
respectively. The system T, is stable if the following
conditions are true:

1. T, isstable.
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2. G and G have the same number of poles in right
half plane.

3. The inequality (47) is fulfilled in left half plane.
The result shows that the designer must know the number of
unstable modes in order to design a regulator for the system.
The theorem is, however, conservative. The inequality (47)
gives the frequency range in which it is important to have a
good description of the process where G(S) ~ 1.
The transfer function of the closed-loop system given in (41)
can also be written as bellows.

1
Ta=—1—
1, (49)
1+ e
The poles of the closed-loop system are thus the zeros of the
function.
fio =1+ !
© Ge)Ges)
(50)
U S 1
Gl Gewls)  Ge)Ges)

It follows from the principle of variation of the argument that

the differences between the zeros and poles in right half plane

1

of the functions 1 + ——— and 1+ z are the same if in

Ge(s)G(s) 6
the left half plane
t 1 |< 14— (51)
GewGis)  Ge(Geol Gegs)Gs)

Theorem 3: Consider the closed-loop systems T, and T,
obtained from transfer functions G and G respectively. The
system T,,is stable if the following conditions are true:

1. T, isstable.

2.G and G have the same number of zeros in right half plane.

3. The inequality (51) is fulfilled on the Im axe of complex plane.

The theorem shows that stability can be maintained in spite of
large differences between G and G" provided that the loop
gain is large.

Based on theorems 2 and 3, to achieve robust stability based
on an uncertain model the following rules are obtained.

The designer must know the number of unstable poles and
Zeros.

The designer must know the model precisely for those
frequencies for which the loop gain can be made large.

The designer must make the loop gain small for those

. . - AG .
frequencies for which the relative error - Is large.
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e  The designer must have a model that describes the system
precisely for those frequencies for which G ~ —1
V. Simulation tests
The DC/DC converters that convert an unregulated input

voltage to a regulated output voltage have an important role in
energy storage systems to increase the efficiency of power
conversion [25]. In recent studies, modeling of DC/DC
converters in FO systems has been considered by many
researchers. The following sample model is used for numerical
example simulations on FO DC/DC buck converter [26] to

show the efficiency of proposed method.

G Vo — VI

©~p
D L}%s“ﬂ+%§s“+l

(52)

Where and « and g reflect the non-ideality of inductor and

capacitor model and L, and (g is fractional order

inductance and capacitance. The control signal D is input
duty-cycle, V, is output voltage and V; is input voltage. The
parameters considered as L=4.7 mH, C=10 mF, R=5 Q, 0=0.9,
B=0.8 and V;=1 V. Taking into account the desired response
characteristics and the given actuator constraint |D,,..| =
1 the desired system is assumed as follows.
1024¢°
"6 TSP L BACs +1024C°

(53)

Through this G,,, by 40 =1 the fastest possible system

regarding actuator constraint will be obtained.

A. The simulation structure
In the simulation structure Fig. 3, the controller is performed
as a function, by selecting polynomial S = 1/ v;
10242
and solving Diophantine equation (3), the controller’s
polynomials will be obtained as (54) and (55).

R
10246253 + (65536¢3 + Lo CpVi)s? + (1024%¢* + 64V,§)s

 L,C4102482577 + “21024§2510 + Lo CaVist7 +=£V;s09 + 1024§7s

- 1024¢2
Vi
In performing SVSC schema, we got N=10 and decreasing
step sp = 0.05. By this design we have s-factorinthe R(s)
cause to disappear low frequency step disturbance in steady-
state, also, the controller G, have low-pass filter nature, so it

+,

(54)

(55)
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Fig 4. Output (a), control signal (b) and error (c) of the proposed
controller in the presence of disturbance.

can eliminate the high frequency noise. Furthermore, by
considering conditions in Theorem 2 and Theorem 3, the
closed-loop system in the presence of model uncertainty will
stay stable.

B. The simulation tests

a) In the presence of disturbance
In order to evaluate the controller in the presence of
disturbance, the control system is affected by step load
disturbance with amplitude 0.05|D,,,,, | = 0.05 in t=0.35s is
shown in Fig. 4.
As a physical interpretation of Fig. 4, the disturbance deviation
in the duty cycle is well compensated. It is illustrated that the
control system has eliminated the effect of disturbance within
an acceptable period of time and the control signal behaves
smoothly within the actuator constraint range.

b) In the presence of model uncertainties
In this simulation case, the parameter of system G, is

replaced by the wvalues a2 =0.8a2, al =0.82al,
and a0 = 0.78a0 intime 0.35s. From a physical point of
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Fig 5. Output (a), control signal (b) and error (c) of the
proposed controller in the presence of model uncertainty.
view, this case can be interpreted as changes in the value of

electrical elements due to wear or environmental conditions.
As is illustrated in Fig. 5, the controller has an acceptable
performance in the presence of significant model uncertainty.
There is no considerable effect on response and control signal
of the system.
C) In the presence of noise, disturbance and model
uncertainties
In the following case, In addition to disturbance and model
uncertainties, the response signal is corrupted by measurement
noise. The 29dB white Gaussian noise is added to measured
signal, step load disturbance with amplitude 0.05 in t=0.35s
and the parameter change as case b is forced to system. Fig. 5
shows the performance of the controller in this environment.
As can be seen, the performance in the presence of noise,
disturbance and model uncertainties is satisfactory. The
control system can tolerate the noise, disturbance and model
uncertainties. There is no change in the settling time, and the
control signal is smooth within the actuator constraint range.
d) Comparative results
To improve the results and discussions, a comparison with

methods Fractional-order Sliding-Mode Control [27] and
Fractional-order PID (FPID) [28] is presented. For these cases
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the fractional sliding surface is selected as follows:
S =e07 + Je, (56)

Where A=1; and parameters of the FPID selected thorough
MATLAB SQP_ ITSE optimization (P = 0.10, I = 22.08
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Fig 6. Output (a), control signal (b) and error (c) of the proposed
controller in the presence of disturbance, model uncertainty and

noise
Table 1. TABLE OF RESULTS
method ts Umax
Robust SVSC 0.15s 1.0 (by restriction)
FSMC 0.24s 1.0
FPID 0.41s 1.0

A=0.78, D =0.02, and 4 = 0.09). Fig. 6 shows the
comparative performance of the controllers. Table 1
summarizes the simulation results.

As is illustrated, the SMC is as fast as the proposed controller,
and has good robustness against uncertainties; but the SMC is
diagnosed with chattering, while the control signal of the
proposed controller is smooth. Plus, there is no restriction
barrier on the control signal in FSMC and FPID. By the
initiative presented in this article, during the control period it
exploits the maximum capacity of the actuator; and by
selecting proper polynomials in controller design, the robust
performance and robust stability against external disturbances
and model uncertainties was obtained. Therefore, we could
implement a faster controller while considering control signal

FRACTIONAL-ORDER VARIABLE .../Ebrahim Abbaszadeh-Sooram, et al

constraints in the presence of model uncertainties and external

disturbances. The control signal is soft and has no chattering.
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Fig 7. Comparison of the proposed controller with FSMC and
FPID: response (a), the control signal (b), and error (c)

V. Conclusions

In this paper, the fractional-order floated pole controller as a
fast and robust approach for the FO systems is proposed. The
proposed robust variable structure control yields a continuous
and constrained control signal, also a fast response in the
presence of model uncertainties and external disturbances. In
the proposed method, the pole placement algorithm is
employed, the robust property added to the controller by
designing proper polynomials, then due to a simple
optimization routine it made fast and faster within the stability
region. In the proposed robust system, a continuous and
constrained control signal is get. The sufficient condition of
stability is developed based on attributes of the Mittag-Leffler
function and the stability theory of FOS. Numerical
simulations and examples are done to demonstrate the
effectiveness of the proposed method. As the future scope, the
generalization of other SVSC methods to FO systems can be
relevant. Also as a recommendation for the practical use of the
proposed method in real life, the Oustaloup approximation and
Hankel model order reduction techniques can be used for
approximation to integer order systems and reduce the
complexity of such high-order integer controllers, respectively.
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Article Info ABSTRACT

Avrticle type: A synchronization balancing control is proposed based on the contraction theory of
Research Article stability. The control scheme is applied to balance an inverted pendulum mounted on a
Article history: moving cart with two wheels. The equations of motion of the system are divided into two
Received: 2023-March-15 cascade systems using the control law partitioning method, which allows the designer to
Revised: 2023-Jun-14 split the control design process into simpler parts for each isolated fragment of the
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Contraction Theory,

system. Then two control laws are proposed for the corresponding partitions. The main
aim of the closed-loop system is to balance the pendulum and synchronize the transient
behavior of the system state with a reference model with time-varying parameters. The
Synchronization Control, .stablll_ty is guaranteed l_Jsmg the contraction theory. The.z proposed control mecha.nlsm is
Inverted Pendulum investigated through simulation and comparison studies, and the results confirm the
Cart and Pole. performance and superiority of the proposed controller.

Nomenclature

X State vector of system, R™*1 g Gravity, R
f(,.) Continuously differentiable function, R™** Tr, T,  Rightand left wheel torque, R
d/0x  Partial differentiation with respectto x Tp Applied torque to the pendulum joint, R
Sx Perturbed variation to x T Summation of the right and left wheel torque, R
J(x,t)  Jacobian matrix of the system, R™*" 0 The rotational angle of the pendulum, R
Jsym  The symmetric part of the Jacobian matrix, R™*" u The output of the linear portion of the system, R
Amax  The largest eigenvalue of Jg,m, R a;, B, ¢ The defined parameter in Equs (14) and (15), R
Lixn The dimensional identity matrix, R™*" Y The defined variable based on the reference, R
II. 1 The Euclidian norm mg Body weight, 1.2 kg
u A real positive fix constant, R my, Wheel weight, 0.02 kg
@(x,t) Transition matrix, R™*" Ip Body inertia, 0.015 kgm?
z Generalized state vector, R™*? Iy Wheel inertia, 0.00002 kgm?
M A square symmetric metric, R™*" Iy Rotor inertia, 0.000001 kgm?
F(x,t) Generalized Jacobian matrix, R™*" I; Gearbox inertia, 0.0001 kgm?
X The state vectors of the system, R™*! by Motor damping, 0.001 Nms/rad
Y The state vector of the reference system, R™*! by Wheel damping, 0.001 Nms/rad
Yi Time-variant coefficients of the reference system, R bg Gearbox damping, 0.001 Nms/rad
e; synchronization error, R n Gearbox ratio, 30
z; Generalized synchronization error variable, R r Wheel diameter, 0.032 m
Ziref a virtual desired value for z;, R l COG distance, 0.075 m
E Error vector of synchronization system, R™*! R Armature resistance, 2.4 Q
Z Generalized Error vector of system, R"™*! K Motor constant, 0.01 Nm/A
N The desired dynamics design parameters g Design parameters of the error system dynamics
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l. Introduction

Background: An Inverted Pendulum (IP) is a principal
benchmark for control systems. IP Balancing control has
been studied for decades due to its role in many other
sciences, including the rocket's vertical take-off [1], biped
robot walking analysis and control [2], self-balancing robot
[3], dynamics of human sagittal balance [4], prosthetic
finger robust controller design [5], lower limb rehabilitation
robot [6], running trajectory generation [7], development of
biomechanical gait analysis [8], dynamic walking of legged
robots [9]. This wide range of applications makes the
inverted pendulum an attractive research area, from
theoretical analysis to practical control system design.
Moreover, synchronization control is an active research area.
Lyapunov stable fractional-order sliding mode controller with
time-varying switching surface and without the reaching phase
is proposed in [10]. Impulsive synchronization in fractional-
order complex-valued reaction-diffusion networked systems
based on the Lyapunov function, finite-time Mittag-Leffler
criteria, and linear matrix inequalities (LMIs) as a
cryptosystem is introduced in [11].

Literature review: In 2002, a moving IP as an archetype
of a two-wheeled robot was presented [12]. As a result of its
two coaxial wheels connected to two DC motors, the vehicle
can turn without transitional motion. The controller was
created with two state-space controllers connected to DC
motors that drive the wheels by an isolation unit. In 2005,
Ibanez et al. offered a nonlinear controller to balance an IP,
which utilized partial feedback linearization [13]. The inverse
pendulum excitation coordinates were linearized first, and then
a Lyapunov-like function was designed to gain a stable
feedback controller. In 2006, Muskinja and Tovornik
developed an adaptive state controller to stabilize and
optimally balance an IP, in which a switching mechanism
between the swing and balance algorithm has been proposed
[14]. In 2011, the optimal control of the nonlinear dynamic
system of IP was proposed, using LQR and PID controllers
[15]. In 2018, Khoshroo et al. designed a reinforcement
learning controller based on the robust quadratic linear
controller (LQR) for a four-degree-of-freedom inverted
pendulum [16]. In 2018, Irfan proposed a robust control
mechanism and compared it with time-dependent linear and
nonlinear control methods, energy-based methods, and
tracking controllers, to confirm the efficiency of IP control
systems [17]. In 2018, Franco et al. introduced a balancing
control mechanism for a kind of flexible IP, which was robust
against external disturbances. In addition, a method was
developed to identify the dominant parameters that impact the
robustness of the closed-loop system [18]. In 2019, Hamza et
al. used a rotational IP as a point of reference for a comparative
study of different control methods, such as oscillation control,
stabilization control, switching control, and path tracking

control. Finally, they proposed a new general system for
testing higher-order intelligent controllers [1]. In 2020,
Johnson et al. implemented a perceptual controller for an IP on
a cart. Perceptual control theory roots in a theory that says
“behavior is the control of perception.” A unique feature of this
controller is facing external disturbance [19]. In 2023,
stabilization of an IP on a cart with cart position feedback was
considered in [20]. Stable and proper compensators are not
able to stabilize such a system. Therefore, the paper suggested
utilizing an additional compensator in a parallel feedforward
loop. The suggestion brought up a high sensitivity to noise. In
2023, two reinforcement learning algorithms, i.e. basic Q-
Learning and Deep Q-Networks, were utilized to balance an IP
without mathematical model requirement [21]. The attained
advantage was the practical applicability of the method.
However, the disadvantages of it were the time required for
training the controller and the complexity of the approach. An
adaptive fuzzy fast terminal sliding mode controller was
detailed in [22] to balance an IP on a cart in the presence of
uncertainties and actuator faults. The method succeeded in
balancing the IP while compensating for the imperfections
with a fast transient response. However, the design procedure
and stability proof analysis were complicated. A mathematical
controller was designed for an IP based on Taylor expansion,
fourth-order Runge-Kutta, and multiple time-scale
perturbation techniques [23]. The linearized stability has been
proven based on Routh—Hurwitz criterion. However, the
difficulty of the design process, linearized stability, and
sensitivity to uncertainties were the drawbacks of the method.

Research gap and motivation: However, the main issue
in the control design is stability. The second method of
Lyapunov for stability explicitly necessitates defining or
finding a function as a distance metric. This metric function
must be decreasing over time for guaranteed stability. In order
to find this function, the system must have specific
characteristics in its structure or involve implicit optimization.
To solve this problem, contraction theory utilizes a
differentially constructed distance function that is not
explicitly defined [24]. The only required property for
constructing the contraction metric is the stabilizability of the
under-control system, or in other words, the existence of the
control signal [24], [25]. This generalization enables the
contraction metric to be applied to underactuated systems. The
other wide usage of the contraction theory is in transfer
learning, in which a controller is designed for a typical system
and must be tuned to work in the presence of uncertainty or
parameter variations [24]. The contraction metric measures the
convergence of two systems’ trajectories [26]. Contraction
theory, as stated in [27]-[29], is a study of the convergence of
all nearby trajectories to a nominal motion. Therefore, this
differential analysis is much simpler than what happened in
Lyapunov’s theory. A “contracting nonlinear dynamical
system” is a term assigned to a system that exponentially
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forgets its initial conditions or external disturbances and
returns to its nominal trajectory fast [26]. The stability is
different from the specific trajectory, which this fact is applied
to the control designing process. In order to convergence
checking, contraction theory utilized the neighboring system
trajectories’ local analysis [25]. For example, synchronization
condition based on the contraction analysis is developed in
[26], [30].

Challenges: The existing synchronization methods are
trapped in high run-time computational cost or hard controller
design procedure when seeking high accuracy, e.g. fractional
order controllers or iterative methods ([11], [20]-[23]), or have
lost the analysis of convergence whenever they proposed a
simple controller, e.g. linear stable controller proposed in [31].
Finding the second derivative of the Lyapunov-like functions
to prove stability is a complex task. Therefore, some methods
suffer from the lack of guaranteed stability. In addition, the
contraction-based synchronization controllers are applied to
fully actuated systems, where the symmetric part of the
Jacobian matrix is uniformly negative definite. However, in
the underactuated systems, the symmetric part of the Jacobian
matrix may not be uniformly negative definite. Here, the
asymptotic convergence of such systems is studied. Moreover,
time-varying parameters in the reference model are less
studied in the literature.

Contributions: The contributions of this research can be
listed as follows. (I) A balancing controller is designed for a
benchmark, a two-wheeled self-balancing inverted pendulum
robot, using a contraction-based synchronization procedure
inspired by the works of [26] and [30]. (II) Time-varying
parameters are considered for the synchronization reference
model, which is different from the parameters of the under-
control system, whereas in [26] and [30], the parameters of the
reference model are time-invariant, and their values are as
same as those of the under-control system. (111) In addition, the
under-control system is underactuated, so the symmetric part
of its Jacobian matrix is not uniformly negative definite. (1V)
The exponential convergence of the generalized state variables
to zero and the asymptotic stability of the closed-loop
synchronization system are guaranteed. (V) Control law
partitioning is utilized to separate the control design process
into two simpler mechanisms, the linear control portion (with
a perfect control design based on transfer function) and the
synchronization control law (which provides an underactuated
affine system). (V1) the main achievements of the proposed
control method are ease of design, low runtime computational
cost, guaranteed stability with exponential convergence,
adjustable desired transient response, small synchronization
error, and the ability of experimental implementation due to its
simplicity. These specifications make the proposed method
applicable to control fast dynamics including biped walking
robots, human gait and running balance, or rehabilitation
robotics.

Synchronization Control Based on Contraction Theory /Soltani, et al

Paper organization: In this paper, Section 2 briefly
introduces the contraction theory. Then in Section 3, we
present the equations of motion of the two-wheeled IP system.
In Section 4, we propose a control law partitioning method in
combination with contraction theory based on synchronization
applied to the balancing control. Section 5 investigates the
performance of the proposed controller through simulation and
comparison studies (compared with the method proposed in
[32]). The conclusion is stated in Section 6.

1. Preliminaries

In this section, the fundamental definitions of the
contraction theory are formulated [26], [27]. Then we will
briefly discuss the generalized distance measure, generalized
eigenvalue analysis, and the control law partitioning approach.

E. Contraction Theory
Let’s consider an autonomous nonlinear dynamical system,
x =f(xt), )

in which, f(.,.) is an nx 1 continuously differentiable
vector function and x € R™*%is the state vector of system. If
the system’s state vector is perturbed by an infinitesimal shift
of 6x, also termed virtual displacement, then based on the
concept of virtual dynamics, the first variation of the system
will be as follows [26]:

TGP @)

X

Equation (2) determines the way the system reacts to the
virtual displacement in the future. In other words, the variation
in the trajectory, which is due to the infinitesimal shift in the
initial value, is investigated by the virtual dynamic theory.
Therefore, there are two different trajectories, including
nominal (x) and perturbed (x + &x). The quadratic distance
between these two neighboring trajectories can be measured
with 6xT6x . The behavior of convergence/divergence
between the trajectories can be studied through their quadratic
distance as follows:

d of (x, t
E(SxTSx) =26xT6x% = 26xT%8x. 3
If J(x,t) = df/dx is the Jacobian matrix of the system

1(orxt) | afee)T
and ]sym:§< ax + ax

Amax(x,t) is the largest eigenvalue of Js,,, such that

)is its symmetric part, then

%ﬁ't) < Amax (%, £) Iy Therefore,
d
T (6xT8%) < 20, (x, £)(6xT6x) . (4)
Then, it can be proved that
t
I8 (Ol < [6x(0)||eJo maxtxtiat ®)

According to the A,,,,(x,t), the converging system is
defined in [27] as follows.

Remark 1: Every infinitesimal perturbation, ||6x||, will
exponentially converge to zero if A,..(x,t) is strictly
uniformly negative, which means that

Ju > 0,Vx,Vt > 0 > Ay, (x,8) < —p. (6)

Based on remark 1, when the Jacobian matrix, J(x,t), is
uniformly negative definite in a region, the system is termed
“contracting” in that region [26], [27].

Remark 2: If a system is contracting in whole state space,
then global exponential convergence of the perturbed
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trajectories to the nominal trajectory is guaranteed [26]. Hence,
the system is contracting if
Ju>0,Vx,Vt >0 > Jopm < —ptlpyn, <0. @)

Fig. 1 shows the concept of trajectory perturbation,
distance, and convergence. The above-mentioned concept is
the basis of contraction theory.

F. Distance measure generalization

If we generalize the distance definition, we can widely
generalize the contraction theory. The generalized distance can
be explained by the differential coordination transition as

6z = p(x, t)6x, (8)
in which, ¢(x,t) is a transition matrix, such that M = 879
is a square symmetric differential continuous metric. This
transition leads to a generalization of distance and the
quadratic distance 6z76z = 6xTM&x. The convergence of
6z to zero brings the convergence of dx to zero [26].

G. Generalized eigenvalue analysis
Time derivative of (8) is

d . d
E(SZ = (p(x, t)6;f+ (p(x, t) ESX (9)
= ((}) + (pa) @18z = F(x,t)6z,

in which, F(x,t) = ((,b+(pg—£) @1 is the generalized
Jacobian matrix. Therefore,

d d
—_— T = T_ = T . 10
o (62762) = 26z P 8z = 282TF(x,t)6z (10)

As before, if F(x,t) is strictly negative definite, then the
convergence of &z, and consequently 8x, to zero is
guaranteed. Here, we used contraction theory to synchronize
two nonlinear systems [26].

H. Control Law Partitioning

Designing a controller for a complex nonlinear system is a
complicated task. Control Law Partitioning (CLP) approach
departs the control law into two portions to simplify the control
design procedure. The most famous CLP method dissects the
control law into a model-based controller and the servo
feedback [33], [34]. The model-based control law transforms
the system into a unit mass for the servo controller [33], [34].
There are other kinds of CLP, for example, layered
architecture [29], [35], where the controller is partitioned
based on the task. Here, we utilize CLP to separate the system's
model into a transfer function and a simple affine system.

1. System Modeling and Control Law
Partitioning

This section describes the mathematical model of the two-
wheeled self-balancing robot or simply an inverted pendulum
attached to a two-wheeled moving cart [3]. The schematic of
the system is drawn in Fig. 2.

A. Dynamical Model of the System
The mathematical model of the system is described as:

I, b, .
(mB +2m,, + 2—>ﬁ +2—p+mplo

R r? (11a)
=7 (Tr +70)

mplp + (mpl? + 15)8 —mglgd = —(zx +7,) (11.b)

Nominal
Trajectory Virtual
velocity
Virtual o i ox
displacement ¥~~~ ~

\
6x  /Perturbed \
Trajectory

Fig. 1. The concept of neighboring trajectories, virtual
displacement, distance, and convergence

Z
4 (_%
gl
mpg, Ip

Fig. 2. Schematic of the dynamical system (two-
wheeled self-balancing robot driven by dc gear motors) [3]

It is assumed that small movements of the cart (p) along
axis x cause a neglectable deviation in the rotational angle of
the pendulum, 6, [3]. In other words, when the cart is moving
along x direction 8 ~ 0 and cos(8) ~ 1. Here, 15, 1%, and
7, are the applied torque to the pendulum joint and right and
left wheels torques, respectively. Parameters of the system are
selected as described in the nomenclature section.

Defining 7=13+ 7, , based on (11.b.) the cart
acceleration p can be computed.

) Ig \ . 1
p= (l+mBl)9+g9 mBlT' (12)

Substituting (12) in (11.a.), the following equation will be

obtained.

272 Ly 2 ]
mgl —<m3+2mw+2r—2)(mBl +13) )0
b,, .
- 2—2(m3l2+13) 6
T
IW
+ (m3+2mw+2ﬁ)m31g 0
b\ (¢
+<2mBlgr_2)J; odt
l I
=<m—3+(m3+2mw+2—‘2))r
r r
b t
+(2—‘;/)f Tdt .
r*/Jo

For the sake of simplicity, we rename the constant
coefficients as below,

(13)
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by,
By =—¢1 (ZmBlg r_z)’

Iy
p, =—¢&1 <(mB +2m,, + Zﬁ) mBlg>,

(14)

=
w
Il
Iy
iR
/-~
N
S
T\:|§
—_
3
%
Y]
+
o
g4
N—————

in which,
I
£ = <m§12 - (mB +2m, + zr—“;) (myl? + 13)>. (15)

Therefore, the equation of motion is rewritten.
t t

9—ﬁ39—ﬁze—ﬁ1f9dt=alr+azfrdt. (16)
0 0

The main aim of the controller design procedure is to find
the control signal, t, such that the dynamical system behaves
desirably.

B. Control Design Partitioning

In order to simplify the control design process, we
proposed using “Control Law Partitioning,” in which the
obtained equation of motion can be divided into two cascade
systems. Therefore, two control laws will be designed
separately. In fact, the designed controller consists of two
parts, a Synchronization Control Law (SCL) and a first-order
Linear Control Portion (LCP). To simplify the control design

process, we propose the linear portion of the system as below:
t

u=at+ azf Tdt . 17)
0
Equation (17) is a first-order differential equation with

constant coefficients. Therefore, t can be easily found
according to the new control signal, u. The proposed Linear
Control Portion (LCP) is designed based on (17), as below:
7(s) s
— = (18)
u(s) os+a,
Since the angular position of the inverted pendulum is
important to be synchronized with a desired reference system,
one can define the state variables of the system as X, =

fot fdt, X, =0, and X; =6, the state vector as X =
[X1, X5, X517, and the state space as below:
X, =X;,
Xz =X;, (19)
X3 = BiXy + Bo X, + B Xz +u.
Therefore, (19) is the synchronizing portion of the system.

In the next section, we will formulate the control design
process for (19).

Iv. Contraction-based Synchronization

In this section, we proposed a Synchronization Control Law
(SCL) based on the contraction theory [26]. First of all, a
desired reference system is introduced as:

Synchronization Control Based on Contraction Theory /Soltani, et al

Y1 =Y,
Y, =Y, (20)
; =y + .Y, +vsls,
in which, Y = [Y,,Y,, ¥3]7 is the state vector of the reference
system, and y;,y, and y; are (time-variant/invariant)
coefficients of the reference system, which are adjusted for
achieving the desired transient response. In this paper, we
utilized time-variant coefficients for the reference model.
Synchronization error is defined as e; = X; — Y, e, = X, —
Y,,and e; = X; — Y5. By subtracting (20) from (19), we have:
€1 =€y,
€, =e3, (21)
€3 = Pre1 + fre; + Pres + P +u,
in which, ¥ = (B -yl + (B, —v)Y2 + (B3 —v3)Y; .
Now, the control law will be designed through three steps
based on the contraction theory. We define a new variable
7, £ e, . Considering a desired dynamic of z, as 2z =
—n12y, in which z* is a virtual desired value for z;, and
comparing with its actual dynamics z; = é; = e,, a desired
value for e, is obtained as e,; = —n,z, . Here, a new
conceptual error is defined as:
Z, 2 e, —eyy =16 te,. (22)
When z, converges to 0, considering (22), e, will
converge to e,;, which means that (é; + e;) — 0 that is a
desired behavior. Based on (22), we have:

€y = Z; —MiZy . (23)
and the dynamic of z, is computable as:
Z, = _Ule + Mz, +e3. (24)
However, the desired dynamic is 2 = —7,z, .

Therefore, a new desired value for e; can be obtained as
esq = —1112e1 — (7, +1,)e, based on (24) and . The
other conceptual error is defined as:
Z3 2 e3 —egq =Mme; + (M +1mz)e; ez (25)
To push z; to zero, its dynamic is computed:
Zz = mnze; + (M +n2)es + Preg + Bre; + fses (26)

+yY+u.
However, the desired dynamic is 2, = —7;z;. Thus, by
73 = 25, we have:
N3Z3 + MM2e; + (N1 + n2)es + fre; + fae; @7

+ fzes+ Y +u=0.
Now, we can propose the synchronization control law as:
u=—9p—(mn.ns + Pe;
_((771772 + i3 +12m3) + ﬁz)ez (28)
—((4+m2413) + Bs)es .
The block diagram of the proposed controller for the
closed-loop synchronization system is depicted in Fig. 3.

This controller design procedure roots in the contraction
theory and guarantees the stability of the closed-loop system.
In this paper, we defined the state vector of the closed-loop
systemas E = [e,;, e,, e5]" and the generalized state vector as
Z = [z,,275,23]7 , therefore, the state generalization
(coordination transition) is:

in which,
1 0 0
=M 1 0 (30)

mn, Mtn, 1
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Fig. 3. Block diagram of the proposed controller for the
closed-loop synchronization system
Considering (21) and (28), the closed-loop system can be
rewritten as:

0 1 0
E=|l0 0 1]|E (31)
S S €

in which, ¢;=01m2m3), &= (mnz +mme +minz), & =
(n, + 1, + n3). In addition, the generalized system is

Z -n 1 0
z'z] = [ 0o -n, 1
Zg 0 0 -3
Therefore, Jacobian of the system is

_af(E)_[O 1 0]

7= Z. (32)

3E 0 0 1
S SR €
The generalized Jacobian is

of (E -mo 10
];;)><p‘1=[0 1, 1], e

F= (4) +o
0 0 -3

which is a uniformly negative definite matrix. Therefore, based
on the contraction theory, applying the proposed controller, the
generalized state (Z) exponentially converges to zero. In
addition, since the largest eigenvalue of the symmetric part of
the Jacobian matrix (J = df (E)/9E) is not uniformly strictly
negative, the synchronization error dynamics (E) is not
exponentially convergent but it is asymptotically stable.
Therefore, the synchronization error will converge to zero,
despite the initial condition and the reference model. Fig. 4
shows the exponential stability of the generalized state, in
which, 1000 runs of the generalized system’s trajectory are
drawn in gray lines in comparison to the exponential
contraction (the largest eigenvalue of the symmetric part of the
generalized Jacobian matrix, F).

(33)

V. Simulation

In this section, the proposed controller is applied to control
the inverted pendulum that is described in section three. The
initial conditions of the main system and the reference model
are selected with normal random numbers in [—1,+1]. The
reference model is the same as Eq. (20) with the following
time-varying parameters:

y,=—-1-— (2 — sin(5t))e_%t,
Yy, =—-3— (2 - sin(3t))e_%t, (39)

Y3 =—3— (2 - sin(Zt))e_Et,

To evaluate the performance of the proposed control
method, we provide several simulations and comparisons in
Matlab/Simulink 2017a in Windows 10. The Simulink blocks
are illustrated in Fig. 5.

— 1zl
[LELL] HZ(O)HBip(/\mam(F)t)

_5 I L I I

0 2 4 6 8 10
Time (Sec.)
Fig. 4. Exponential convergence of the generalized state
Time
Y g gamma time 4—@
Reference Time Varying
Model Parameters
Eq. (20) Eq. (35)

Lb gamma

E u Taw X
E
Scope
Syncronization Linear Control Main System
Controller Portion Cart & Pole
Eq. (28) Eq. (28) Eq. (11 a,b)

Fig. 5. Simulink blocks of the proposed control method

For a desired closed-loop system dynamics, we set the
n. =N, = n3 = 3. The tracking performance of the closed-
loop control system is illustrated in Fig. 6, which shows that
the system follows the reference model, which means that all
three state variables track the corresponding state from the
reference model. Note that there is only one control signal. As
proposed in this paper, the controller is first partitioned into
two portions, a state-space synchronization control law (SCL)
and a linear control portion (LCP). The error is first handed
into the SCL, where the signal u is produced, then the LCP
converts u to t as the actual control signal. These two signals
are depicted in Fig. 7. The main features of the control signal
are its boundedness and smoothness. The trajectory of the
reference model and the actual system is drawn in Fig. 8. Since
the steady-state response stays at the origin and the curve
shows the states' movements, this trajectory illustrates the
system's transient response. Since the system is a third-order
dynamical system, its trajectory is also drawn in 3D space in
Fig. 9 for better illustration. As seen in Fig. 8 and 9, although
the initial condition of the two systems is completely random
and different, the system follows the reference model. As a
comparison study, the proposed method is compared with a
recent similar method entitled “Nonlinear Model Predictive
Controller Based on Particle Filter: Processor in the Loop
Implementation” [32], which is based on particle filters
containing normal random sequences of control signals.
Weights are assigned to the particles based on their
performance in predictive control.
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The resampling technique is utilized to provide the final
control signal from the weighted particles. We simulated the
method with 300 particles, a prediction horizon of 10 samples,
and random initial weighting factors. The synchronization
performances of the two methods are illustrated in Fig. 10,
which shows that the proposed method has better performance
rather than the compared method. Note that the runtime
computational cost of our proposed method is far less than
similar methods. The synchronization error is also drawn in
Fig. 11, which shows the superiority of the proposed method.
Moreover, the maximum value of the proposed control signal
is 85.7951, while this value is 96.4092 for the comparative
control signal. In general, the superiority of our proposed
method can be observed in three perspectives, including (1)
better synchronization performance and less error, (2) lower
runtime computational cost, and (3) an easier design process.

VI. Conclusions

We proposed a synchronization controller based on
contraction theory and control law partitioning for an
underactuated two-wheeled self-balancing IP mobile robot.
The proposed mechanism consists of a control law partitioning,
which divides the control law into two parts, a linear transfer
function and a synchronization control system designed based
on contraction theory. The reference model is time-varying.
The exponential convergence of the generalized state variables
to zero and the asymptotic stability of the closed-loop
synchronization system are proved. The main achievements of
the proposed control method are ease of design, low runtime
computational cost, guaranteed stability with exponential
convergence, adjustable desired transient response, small
synchronization error, and finally the ability of experimental
implementation due to its simplicity. The proposed method is
applicable for every dynamical system from chaotic to
industrial robotics. The comparison study confirms the
superiority of the method. In future studies, we will investigate
the proposed mechanism for some chaotic mappings.
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In this paper, a new basic unit is proposed for multilevel inverters. Then, a series
connection of the proposed basic unit is used to recommend a new topology for
multilevel inverters. To determine the magnitude of dc voltage sources, a new algorithm
is presented. For the proposed algorithm, different performance parameters such as total
voltage rating of switches (TVRS), number of gate drivers, and number of required
sources are calculated as a function of the number of output voltage levels and are
compared with other topologies. The comparison proves that the proposed cascaded
topology requires fewer components and gate driver circuits than most of the other
conventional topologies. Moreover, the voltage rating of switches is less than the other
topologies which result lower cost and control complexity. Finally, the correctness of the
theoretical analysis and the performance of the proposed inverter are verified using the
laboratory and simulation results under different scenarios.

Symmetric Cascaded Multilevel
Inverter,

Asymmetric Cascaded
Multilevel Inverter.

. Introduction
Among conventional inverters, multilevel inverters have been
used for many applications and are one of the most popular
solutions in medium and high-power applications [1, 2]. Due
to the applicability of multilevel inverters in high-voltage
direct current (HVDC), hybrid electrical vehicles (HEV),
machine drives, and FACTS devices [3-6], researchers have
always suggested ways to optimize their topologies by
reducing components, gate driver circuits, and rating of
switches [7]. These inverters can produce staircase voltage
waveforms with high-quality outputs. The desired output
voltage is produced by appropriate switching of several dc
voltage sources, which leads to lower rating voltage for
switches, less total harmonic distortion (THD), and
electromagnetic interference (EMI) [8, 9]. In general, the
multilevel inverters are divided into three categories: neutral-
point-clamped (NPC) [10], flying capacitor (FC) [11], and
cascaded H-bridge (CHB) inverters [12]. The CHB inverters,

which are formed by the series connection of basic units,
consist of various arrays of power electronic switches and dc
voltage sources and are divided into symmetric and
asymmetric topologies with equal and non-equal magnitudes
of dc voltage sources, respectively. It is important to mention
that using non-equal magnitudes reduces the number of
required components.

The presented topology in [13] uses non-isolated dc voltage
sources with equal amplitudes, and this causes to produce a
lower number of voltage levels at the output. Also, the
presented structure in [14] needs to a transformer and an H-
bridge on the primary side. So, it suffers from high voltage
rates on the switches. The presented topologies in [15, 16]
utilize a high number of IGBTs and gate driver circuits, and
the values of rating voltage on switches are much higher. As a
result, the cost and volume of the inverter will be high. The
presented topology in [17] can operate in both symmetric and
asymmetric conditions. Although, this topology can generate
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BY NC Publisher: University of Sistan and Baluchestan


mailto:ro.naderi@iau.ac.ir

International Journal of Industrial Electronics, Control and Optimization (IECO). 2023, 6(2) 124

negative and positive levels at the output and also can reduce
the number of switches, but it needs a high number of
independent dc voltages sources. To solve this problem, the
presented algorithm in [18] can be used. In the presented
topologies in [13, 17, 19, 20], the H-bridge is used to generate
negative output levels. In [21], two topologies based on
developed H-bridge (consists of six switches) are presented.
The total standing voltage for these topologies is very high.
Although the presented topology in [22] can produce even
and odd levels at the output without using H-bridge, but it
uses a large number of power electronic elements. The
presented structures in [23-28] need to less number of voltage
sources, but balancing the voltages across capacitors is the
main drawback for these topologies. The presented
topologies in [29, 30] need to switches with low voltage
rating. So, these topologies are suitable for high-voltage
applications, but need to high number of IGBTs and gate
driver circuits. The presented topologies in [17, 31] need to
bidirectional switches which increase the total cost of inverter.
This paper presents a new topology for multilevel inverters
in which the number of power electronic components and
rating voltage across the switches are lower. The cascaded
multilevel inverter structure is presented in Section 2. Then, a
new algorithm to determine the magnitude of the dc voltage
sources structure is proposed in Section 3. Section 4 compares
the proposed topology with other topologies in terms of the
number of IGBTS, rating voltages of switches, and the number
of gate drivers. Finally, the laboratory results are presented for
the production of a 15-level inverter to prove the feasibility of
the proposed topology.
Il. Proposed Cascaded Multilevel Inverter
Fig. 1 shows the topology of the basic unit for the
multilevel inverter. This topology consists of eight
unidirectional switches, two bidirectional switches with the
common-emitter configuration, and three dc voltage sources
(V1, V2, and V3). Clearly, the switches (S,,S, ), (S;,S,),
(Sg,S¢) (S,;,Sg), and (S,, Sy ) are fully complementary to
have a safe performance and cannot be turned on
simultaneously. The switching states of the proposed basic unit
to produce different voltage levels are provided in Table 1. In
this table, 1 and 0 indicate the on and off states of the switches,
respectively. To increase the number of output voltage levels,
n basic units can be cascaded to form the proposed cascaded
multilevel inverter shown in Fig. 2. In this topology, both
positive and negative levels at the output are generated. The
number of dc voltage sources (N ), the number of IGBTs

(N ,gr ) used, and the number of gate drivers (N, ) in

source

the proposed cascaded topology can be calculated by the
following equations:

Nsource =3n (1)
Ny =12n @
Ndriver =10n (3)

Another important parameter in the cost of inverters is the
number of variety voltage sources (N which is

variety )
determined by the variety of the magnitudes of voltage
sources. This factor for the topology is calculated by the
following equation:

Noariery = 3N 4)

The output voltage of the proposed topology is equal to the

sum of the output voltage of all basic topologies. In other
words:

Vour = Vo1 T Vo2 TVost-+Vy, (5)
According to Table 1 and its development for n cascaded units,
the maximum output voltage (v, ) is obtained as

0 max,total

follows:

Vo total ,max =Z(Vu,k,max)=z(vk,1 ViV a) k=123,....n (6)
a3

TVRS is another important parameter in multilevel
inverters, which directly affects the price of the inverter. The
total rating voltage on the switches of the proposed inverter is
as follows:

TVRS =TVRS, +TVRS,, @)

where TVRS,  and TVRS are rating voltage of bidirectional

and unidirectional switches, respectively, so that
n 8
TVRS,, = Zkzlzjzlvs,k,j ®)
where Vg, , is the value of the rating voltage of the switches
Si1:Sk2:Skai . S OF unidirectional switches in the kth

unit. The rating voltage of unidirectional switches is as
follows:

VS,k.l :Vs‘k.z :Vk.l (9)
VS,k,3 :Vs,k,4 :Vk,l +Vk,2 (10)
VS,k,S :VS,k,B :Vk,z +Vk‘3 (11)
sk =Vsiks = Vis (12)
S, S, S, S
= A = 71 —
7 — N —_ 17
I’a Sg/\ (SY ——I*l
_ —l _ |
' T
S, S, S. S,
8 6 4 2
P - e e e e e - ———— - Ve m e e - — [ -y!

Fig. 1. The structure of the proposed basic unit.
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Fig. 2. The proposed cascaded multilevel inverter.

TABLE 1
SWITCHING STATES OF THE PROPOSED BASIC UNIT
S 1S, [Ss S, |Ss|Se|S,| |Ss|Salse v,
tfo[1fo[1]of[1|[[o]ofoO 0
oft[rfof1]of1|[|o]o]fo v,
tfof1fofof1]o||1]0]0 v,
oft[1fofo|z]o] [1]o[0] v,
oft][of1fofs][2|[|o]o]foO v,
of1[ofofofo[a] o1 ]o] v,
tfo[1fofof[1][1[[o]o[o] v,+v,
ot [1[ofo|2][1[[o]o[0][v+,+y
tfofols|ofz]o|[1]olo| -
oft]of[1[1]of[1[[ololo|
tfofofsz]o1|]olo]0[-w+v
tfofrfo[z]ofo|l [1]ofo|
tfofofofofofo| [1]0[1]-v+w)
ojt[of[r[1]ofo] [1[0[0] -v+v)
tfofofrfesfofo| [t]o]o0]-(+v+V

Now, we can calculate TVRS as follows:

TVRSus = 42 (Vk,l +Vk‘2 +Vk,3) (13)
k=1
The relation of TVRS,, is given by
TVRS,, = (Vs,k,A +Vs,k,B) (14)
Considering the following equation:
Vsioa =Vsie =Via *Vi2 +Vis (15)
EQ. (14) can be simplified as follows:
TVRSbs = ZZ(Vk,l +Vk,2 +Vk,3) (16)
k=1

Using (6), (13), and (16), the relation of TVRS is obtained
as follows:

TVRS = 62 (Vk,l +Vk,2 +Vk,3) = 6V0,toa|,max (17)

k=1

Determining the magnitudes of dc voltage sources is
important to calculate (6) and (17). Therefore, it is necessary
to determine the magnitudes of input dc voltage sources for

calculating the output voltage and rating voltage on the
switches.

I11. Determination of the Magnitude of DC

Voltage Sources

Estimating the dc voltage source values is very important
for determining the number of output voltage levels. For the
proposed topology, it is possible to present different
algorithms for determining the magnitude of dc voltage
sources. Here, one of them is presented.

In the proposed algorithm, to generate high voltage levels, the
following method is proposed to determine the magnitude of
dc voltage sources.

First unit:
Vi =V (18)
Vi, =2V (19)
Vi =4V (20)
Second unit:
V2,1 = 2Vomax,1 +Vdc = 14Vdc +Vdc = 15\/dc (21)
Vz,z = 2\/2,1 =30V, (22)
V3,2 = 4V2.1 =60V, (23)
nth unit:
n-1
n
Vn,l = 22 (Vomax,k) +Vdc =15 Vdc (24)
k=1
Vn,2 = 2vn,l (25)
Vn.3 = 4Vn,1 (26)

In this algorithm, the number of output voltage levels, the
maximum output voltage (N, ;) , and the total value of the

rating voltage of the switches (TVRS,;) are obtained by the
following equations:
Nslep,3 =15n (27)

0 _ 28
V _(15 l)V _(Nstep,3 1)V ( )

out,3,max dc — dc
2 2
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TVRS, =3(N WV, (29)

step,3 -

IVV. Comparison of Results

This section compares the advantages and disadvantages
of the proposed topology with other structures. Fig. 3(a) shows
the number of IGBTSs against the number of output voltage
levels. This comparison confirms the advantage of the
proposed multi-level inverter based on the third algorithm due
to the use of the least number of IGBTs compared to other
topologies. The number of gate drivers against levels in
different structures is shown in Fig. 3(b), which indicates that
the number of drivers in the recommended structure based on
the third algorithm is the same as the topology presented in
[16] and it requires a minimum number of drivers compared to
other structures. Fig. 3(c) depicts the number of dc voltage
sources against the number of output voltage levels. This
figure proves that based on the proposed algorithm, the
proposed multilevel inverter requires the least number of these
sources as compared with the topologies presented in [23, 25,
26, 28], but the topologies presented in [22-25, 28] use
capacitors. Considering the importance of rating voltage on the
switches, which is one of the most important parameters in
determining the cost of multilevel inverters, this parameter is
also discussed and compared. Rating voltage of the switches

100

80r

60r
IGBT

40

207

proposed algorithm
L

40 N 60 80 100

step
(@)
20 [13], [17], [19], [29], [31"1;’/

161 T MTBJ

12+

Sowurce

[30] [22] [16]

pmqﬂsed algorithm

0 20 40 60 80 100

(©)

Fig. 3. The results of the comparison: (8) Nggr, (0) Ngriver» (€) Neource » (@) TYRS  versus N

against the number of levels for all three algorithms of the
proposed topology has the same relation and does not depend
on the magnitude of dc voltage sources.

Fig. 3(d) compares the rating voltage of the switches
against the number of levels for the topologies proposed in
other references. This comparison indicates that the rating
voltage of the switches in the proposed topology is lower than
that in the other topologies. Table 2 compares the number of
IGBTS, drivers, dc voltage sources, capacitors, diodes, and
rating voltage for the switches of different topologies with 69
levels in output voltage and verifies the advantage of the
proposed topology. It is worth noting that according to Fig. 1
and Table 1, to generate the output voltage levels, three
transistors and one diode or four transistors are instantaneously
in the current path. Therefore, the maximum number of
components in the current path in the proposed multilevel
inverter, is four.

To compare the efficiency of different topologies, it is
assumed that all topologies generate 69 levels with the same
load and same maximum output voltage. Also, it is assumed
that the same switches are used. Under these conditions, based
on simulation results, the efficiency of all compared topologies
are calculated and summarized in Table 3. According to this
table, the efficiency of the proposed topology is better than in
comparison to most of the already presented topologies.

60

401
driver

201

pr‘oposed algori(hlm‘ [1e]
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10
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TABLE 2
THE COMPARISON RESULTS WITH OTHER STRUCTURES FOR PRODUCING 69-LEVEL
Parameters Nitep Nigar Nariver Nqpurce Capacitors Diodes TVRS
[13] 69 61 35 30 - - -
[15] 69 32 32 11 - - 354V
[16] 69 20 15 6 - - -
[17] 69 63 53 30 - - 187V
[18] 69 42 42 11 - - -
[19] 69 54 54 30 - - 206Vqc
[22] 69 22 16 8 - - 289V e
[23] 69 93 78 1 30 - 205Vqc
[24] 69 59 59 15 30 103 -
[25] 69 170 170 1 34 - 236V,
[26] 69 27 27 2 4 8 199V,
[28] 69 169 169 1 33 - 235Vqc
[29] 69 120 118 30 - - -
[30] 69 30 24 7 - - 233Vgc
[31] 69 83 73 30 - - -
Proposed Topology 69 18 15 5 - - 177V g
TABLE 3 voltage sources V1, Vo and Vs are 57, 114, 228V, respectively.
EFFICIENCY COMPARISON Figs. 4 and 5 illustrate the built prototype and experimental
Parameters Efficiency [%] results of the output voltage and current waveforms,
[13] 93.2 respectively. Also, the processor AVR ATMEGA 32 was used
[15] 95.7 in the construction of this circuit. Fig. 6 represents the rating
E% ggé voltage on S,,S,, -, S;,S,,Sg switches with the maximum
[18] 94:4 rating voltage on the switches as 57, 57, 171, 171, 343, 343,
[19] 913 229, 229, 400, and 400V, respectively. The total value of the
[22] 95.1 rating voltage on the switches for the 15-level inverter (the
[23] 87.4 sum of the rating voltage on the switches) is 2400V, which
[24] 93.1 corresponds to Eq. 17. Positive or zero voltages in Fig. 6(a)
[25] 85.2 indicates that the switch S, is unidirectional and positive, and
26 95.9 . - - .
[26] negative voltages in Fig. 6(i) Fig. 6 shows that the switch S
[28] 85.1 A
[29] 89.7 is bidirectional.
[30] 94.9
[31] 90.7
Proposed Topology 94.1

V. Experimental and Simulation Results
In this section, according to Fig. 1, a 15-level inverter with
a maximum output voltage of 400V is designed and analyzed.
For the simulation and experimental tests, an R—L load with
the values of R=280.39Q and L=373.1mH is used. The
switching frequency is 5kHz, and the minimum error method
is used to control the proposed structure. The values of dc

=

Fig. 4. Laboratory prototype.
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To reconfirm the given theories, the simulation results in = (S1[A] (1000)
PSCAD software are given. Fig. 7 shows the simulation results Lo
for output voltage and current. Comparing these waveforms ond

with experimental results, shows that there is a good agreement
between the simulation and experimental results. Fig. 8 shows

the simulation results for switches’ current. The maximum 150 -2 [A] (1000)
value of these waveforms shows the current rating of the 2607
switches. It is clear that the current rating of switches depends zzz
on the load. By changing the load, these values are changed. 050
Fig. 9 shows the power delivered by each source. To show the o
correct operation of the proposed topology in different power 150 53141 (1000%)
factors, more simulation results are shown in Fig. 10. 100~
As mentioned before, by series connection of the proposed oo ]
basic unit, it is possible to generate more levels at the output. 050
For example, by using series connection of two units with the o
values of dc voltage sources V1, V2, and V3 are 3V, 6V, and Lo ™ IS4IA] (10004)
12V, respectively, 225 levels with a maximum output voltage 100~
equal to 336V is obtained. The simulation result in PSCAD o~
software for this inverter is shown in Fig. 11. 050
o)
V1. Conclusion 150 =S5 14110009
This paper presented a new topology for a cascaded multilevel oy
inverter which comprises a cascaded connection of basic units. 000+
The proposed topology was analyzed in symmetric and :‘izZ:
asymmetric modes of operation with the ffundamental amd
frequency switching control method. To highlight the 5o -2 ELL0)
advantages of the proposed topology to the previous ;Zz /\ﬂh ﬂh
topologies, it was compared with a number of other topologies. 0004 A / ]
Based on the results of the comparison, it is found that the :?ZZ: U IJ
proposed cascaded topology has the minimum number of .
power components, gate driver circuits, and rating voltage on 150 =7 [A1 (10009
the switches as compared to most of other conventional o/ “
topologies, resulting in lower cost, volume, and complexity of 000
the control circuits. A 60-level inverter based on the third 050+
algorithm proposed technology requires 18 IGBTs and 15 jjzz:
driver circuits and its total rating voltage on the switches is 150 =2 (A1 (10009
177V. While to generate the same number of output voltage ;ZZ n
levels, structures in [23, 17] require 93 and 63 IGBTs and 78 000 4 A
and 53 gate driver circuits, and the total rating voltage on the 0501
switches is 205V and 354V respectively. To study the )
feasibility of the operation of the 15-level inverter based on the 150 - SA[A1(10009)

1.00 -

third algorithm, experimental results are provided.

7- vo [V] = o [A]

0.50 -

s s

-1.50 -

400

150 ™ 1SBIA] 1000

] 1.00 -
-400

0.1p0 0.140

0.00 - 1 1
Fig. 7. Simulation results: output voltage and current. -0.507_“ u | u

0.50 -

-1.00
-1.50 -

0.1p0 0.110 0.120 0.130 0.140

Fig. 8. Simulation results: switches’ currents.
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Power electronics converters application has increased in modern distribution systems
due to their advantages to control and process the power flow. Unfortunately, these
converters generate harmful harmonics and inject them into the grid. The modern
standards of the systems accept that the grid includes harmonics but they have to be less
than the specified value. To satisfy standards, power filters must be added to nonlinear
loads. This paper proposes a new hybrid power filter to achieve them. Furthermore, the
conventional six-switch inverter of active power filters is substituted to decrease the
overall cost and complexity of the system. To design the parameters of the passive part
of the filter, the SPEA-II meta-heuristic optimization algorithm is used which minimized
the overall cost as well as harmonics suppression. Consequently, the four-switch inverter
along with the optimized design of the passive part makes the proposed hybrid active
filter attractive for practical applications. The THD of the injected current to the grid as
a critical index in different nonlinear and dynamic loads is less than 2%. Simulation

SPEA-II
results in different scenarios show the effectiveness of the proposed hybrid filter.

NOMENCLATURE
v, Source Voltage Phase a P Active Power
v, Source Voltage Phase b q Reactive Power
/A Source Voltage Phase ¢

P Average Active Power
I, Source current Phase a p Oscillating Active Power
I, Source current Phase b
I, Source current Phase ¢ q Average Reactive Power

q Oscillating Reactive Power
v, instantaneous voltages in the a axis
Vs instantaneous voltages in the P axis Isn Source current in the n-th harmonic
1, instantaneous Line Current in the a axis I Main current component
Ip instantaneous Line Current in the B axis
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I. Introduction

Due to the destructive effects of harmonics in the power
systems, it is necessary to decrease their amplitudes. Power
electronics converters are used in modern power systems
diversely which caused the loads to behave nonlinear [1].
These nonlinear loads could inject harmonics into the grid and
deteriorate the power quality. To reject tripled harmonics, a
common solution is using the delta winding of transformers.
To decrease more harmonics power filters must be added.

Three types of filters are proposed in power systems:
Passive power filter (PPF), Active power filter (APF), and
Hybrid power filter (HPF) [2-4]. The design of APFs and HPFs
is a complex nonlinear optimization problem. PPFs consist of
RLC circuits and are tuned to reject a special frequency.
Variations of system impedance, during faults, and so on,
could decrease the performance of these filters. Therefore,
APFs are proposed to overcome the drawbacks of PPFs. The
APFs require high-power inverters to handle harmonics and
reactive power. It is proposed to utilize HPFs to decrease the
overall cost of the system [5-7].

A hybrid passive filter consisting of two passive filters, a
series filter and another parallel filter based on TCR, is
proposed in [8,9] to suppress the harmonics and compensate
for reactive power. The proposed filter has a fast dynamic
response and is non-sensitive to source impedance variation,
but the series part of the system that the full load current must
be handled is the main drawback of this structure. In [10], a
new modulation scheme, named variable modulation index, is
applied to a parallel active filter to reduce current harmonics
in a wind turbine system based on PMSG and a rectifier.

A four-leg eight-switch voltage source inverter is utilized
in [11] to reduce the harmonics of the current and unbalanced
single-phase nonlinear current. The model predictive control
scheme is implemented on the eight-switch inverter in this
structure. An APF with Transformer multilevel inverter in a
three-phase three-wire system is used in [12] that brings dc-
link voltage regulation in addition to current harmonics
compensation. In [13], a Transformer HPF based on a two-leg
six-switch inverter is proposed to accomplish the injected
harmonics standard of IEEE-59.

Due to the nonlinearity nature of designing parameters of the
filters, some authors are proposed to use meta-heuristic
algorithms to solve the optimization problem. PSO algorithm
is used in [14] to optimize the filter parameters to minimize the
harmonics content and the cost of the filter. The authors of [15]
have proposed to utilize ant colony optimization to optimally
design the parameters of a single-tuned filter operating in a
non-sinusoidal power system. The objective functions in this
study are maximization of efficiency and power factor in
addition to harmonics reduction.

The main goal of the authors in [16] is to minimize the
overall cost of the filter, including initial cost and maintenance
costs. To achieve this goal, the crow search algorithm is used.

Genetic algorithm and Monte Carlo simulation are proposed in
[17] to optimize the passive filter parameters in a single-tuned
filter installed on a distribution system with photovoltaic
generation.

H-infinity optimal control design is used in [18] to find the
optimal controller parameters of the hybrid active filter via a
convex optimization algorithm. An Adaptive Sine-Cosine
Moth-Flame Optimization  Algorithm for  Parameter
Identification of Hybrid Active Power Filters is proposed in
[19]. The authors claimed a new population-based algorithm
named ASC-MFO to optimally design the parameters of the
hybrid active power filter. In [20] a hybrid shunt active power
filter is optimized by hybrid Particle Swarm Optimization-
Grey Wolf Optimization (PSO-GWO) and fractional order
proportional-integral-derivative controller. Utilizing space
vector modulation instead of sinusoidal pulse width
modulation is investigated in [21]. The grasshopper
optimization algorithm for optimizing hybrid active power
filters’ parameters is proposed in [22]. The authors in [23]
proposed finite-set model predictive control for a hybrid active
power filter. Moreover, a hybrid filter that is equipped with
a three-level converter reduces current THD to 3.11 % [24].
In addition, a parallel hybrid filter decreases both current
and voltage THD to 16.49% and 5.3%, respectively [25].

It is clear from investigating the previously published works
on this topic that the active filters are very effective in case of
harmonics cancelation in some steps [26] and complicated
methods [27] but the cost of the filter would be high if we just
utilize the active filter. Therefore, hybrid power filters could
be used in high-power applications to bring the benefits of both
active and passive filters. Designing the inductive and
capacitive elements of the passive part of a hybrid power filter
is a challenging issue that researchers work on the better
methods.

Therefore, in this paper, the conventional six-switch inverter
is replaced with a four-switch inverter to reduce the cost of
HPF [28]. Consequently, the number of switches and drivers
in this structure is lessened which could increase the overall
reliability of the system. To design the THD and overall cost
of the HPF, in this paper, the parameters of the HPF are
optimized based on a meta-heuristic algorithm of Strengthen
Pareto Evolutionary Algorithm-11 (SPEA-II).

This paper is organized as follows. In section II, the
structure of the proposed hybrid power filter is discussed.
Optimization of the parameters of the passive filter based on
the SPEA-II method is presented in section Ill. In section tor
to investigate the performance of the proposed HPF, in
nonlinear case study system is presented. The simulation
results in different scenarios are discussed in this section.
Finally, section 5 concludes the paper.
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Fig. 1. The structure of the proposed HPF.

APF

I1. Methodology
A. THE STRUCTURE OF THE PROPOSED
HPF

To reduce the harmonics content and overall cost of the
filter, in this paper it is proposed to utilize a HPF. The
passive filter of the proposed structure is selected to remove
the harmonics orders of fifth, seventh, and eleventh.
Furthermore, the parameters of the passive part of the filter
are optimized based on the two-objective SPEA-II
algorithm. The structure of the proposed HPF is depicted in

Figure 1.

B. Reference current generation
Methods of reference current production could be

classified into two categories time-based and frequency
based. Time-based methods, such as instantaneous active-
reactive power theory, relied on measurements and three-
phase transformation. FFT is utilized for frequency-based
methods such as bandstop filters. In this paper, the
instantaneous active-reactive power theory is utilized.
Three-phase voltages and currents measured in abc-frame
are transformed to ap-frame as follows:

1 17
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Therefore, the powers are calculated as:
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In the presence of harmonics, an oscillatory term is added to
the average power that could be formulated as:

In the presence of harmonics, an oscillatory term is added to
the average power that could be formulated as:

+ (4)

o
Il
ol
ot

+ (5)

I
Ql
Keli

q

Where the average terms are denoted with the bar and
oscillatory terms with tilde signs. To suppress harmonics
components of line currents, the oscillatory terms of powers
must be compensated by HPF. Hence, the reference currents
of HPF could be derived as:

[I ] V2 +vB [VB _ZBH p] ©)
- B =i

C. Four-switch inverter

It is beneficial to decrease the cost of inverters in active
filters. Therefore, the four-switch structure is proposed in this
paper to substitute the conventional six-switch structure.
Consequently, the number of active power switches and
required drivers was reduced to four instead of six which is
attractive in HPFs due to cost reduction and improved
reliability of the system.

Il. OPTIMIZATION OF PASSIVE FILTER
The parameters of the passive filter are optimized based on

meta-heuristic algorithms in this paper. The optimization
process is briefly discussed as follows. The main factor to
assess the performance of a filter is harmonics reduction.
Hence, the first objective is considered as:
I 2
2. (%) ®
1

n=3,5,7,...

f;: min

Where s, is the source current in the nth harmonic and I,
is the main current component. The second objective is the
overall cost of the filter which is formulated as:

f,: min{Cost(R.L.C) = KgR, + K L, + K:Cp} 9)
Where the cost coefficients of the filter are given by,
Kr=100($/KW), K =250($/Kvar), and Kc=0.05($/Kvar).
A.  SPEA-II ALGORITHM
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In this study, SPEA-II is selected as the optimizing
algorithm to solve the multi-objective problem of designing
the passive filter. SPEA-II is a multi-objective optimization
method that the evolution of the population carried on a
probabilistic method. In contrast to the other evolutionary
algorithms, in SPEA-II the direction and the distance of the
current population from other members of the population are
selected to teach the search process to a desirable direction.
Therefore, the high quality of the produced responses is
guaranteed in this method.

For the i member, a strength value S(i) is assigned, which
expresses the number of solutions which it defeats. They are
calculated by equation (10).

S@ = {lj €P+ P ni>j} (10)

Where, P,and P, are populations and archives,
respectively. The initial fitness is calculated based on (11),
which is computed for all members of the population and
archive.

RD= Y 50) a1

JEPt+Pgi>]

When all its members are non-dominant, to compare two
Pareto fronts, the Pareto fronts which has the same variety of
answers and can spread the answers with more variety in the
space of objectives is preferred. For this reason, only using the
raw fitness function is not enough, and a secondary criterion is
needed to be able to provide the answers in the space of the
objective functions, with a suitable variety. Zeitler et al. [15]
used the density estimation technique in SPEA-II, which uses
the concept of the k" nearest neighbor, where the density at
each point is up to the k" nearest neighbor. It is according to
relation (12)

D) = (12)

ok +2

L

where o is the distance of the i"" member from its k™

nearest neighbor. k is equal to the square root of the sample
size [15] as a result we will estimate the density of responses:

k=+N+N (13)

Finally, the final fitness value is calculated as the sum of the
raw fitness and compression as equation (13).
F(i) =R+ D() (14)

The lower F(i) is more popular.
In the following, the process of this algorithm is briefly
discussed [29]:

Step 1: Create an initial population P, and a null
external file (P, = @), determine generation size as N and
generation count as t=0.

Step 2: Calculate the fitness of the population in each of

P, and P, members.

Step 3: Move non-dominated solutions of P, and P,
to. If the archived Pareto solutions size of P, is greater
than the maximum limit cut the size to N, but if the size of
P, islessthan N, the dominated solutions in the end to
the P, until thesize of P, isequalto N.

Step 4: If the stop condition is reached, select the non-

dominated solutions as the final solution.
Step 5: select parents from P,
championship rule.
Step 6: Implement crossover and mutation operators on
parents on P,;. Set t=t+1 and go to step 2.

based on the

IV. SIMULATION RESULTS

At first, the system under study, schematic in Figure 2, is
simulated without any compensation method. The currents
injected into the grid are depicted in Figure 3. a. Also, the
harmonics content of the current is shown in Figure 3. b. To
generate the current’s harmonics, in this paper, a nonlinear
load with a three-phase diode bridge is used. The parameters
of the studied system are presented in Table 1. In the following,
the performance of the system is studied in different scenarios.
As it is shown in Figure 3. b, the harmonics content of the
injected current is very high and it is necessary to compensate
these harmonics to comply with the required standards such as
IEEE-519.

N,

QY

Fig. 2. Schematic of the studied system.

TABLE 1
PARAMETERS OF THE STUDIED SYSTEM
Item Parameter Value
1 Source Voltage 380 V
2 Frequency 60 Hz
3 Active power of the load 50 KW
4 Reactive power of the load  62.5 Kvar
5 Line resistance 0.0989 Q
Line inductance
6 1.58mH
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Fig. 3. The injected currents in the case of the active filter: a)
real-time b) harmonics content.

A. Active Filter

If the active filter is utilized to compress the harmonics, the
currents injected to the grid are depictedreal-timetime and
frequency domain in Figures 4. aand b respectively. In the case
of active filter compensation, the harmonics content is reduced
but still more than the required standard of IEEE-519.
Moreover, the required inverter in this scheme is high power
which could limit the selection of this type of compensation in
point of the overall system cost.

B. Passive Filter
The conventional method is to use passive filters for
harmonics reduction. Even triple harmonics amplitude is very
low. Therefore, the passive filter is designed to compress the
5th, 7™, and 11th harmonics. According to eq.15, the values of
resistors, inductors, s, and capacitors are effective on the
overall cost of the filter and must be designed to minimize the
cost in addition to harmonics reduction. Hence, the problem is
a two-objective optimization given by:
min F(x) = [, (@), f,(x)] (15)
subject to Cl-l <C<cC¢, i=5711
<L, <L¥ , i=5711
R} <R <R*, i=5.711

Four-Switch Inverter Based .../P.Rahmati kahkha, et al

200

ot
>
=

Currents Source (A)
=

200 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
0.03 0.035 0.04 0.045 0.05 0.055 0.06 0.065 0.07
Time (s)

(@)

Fundamental (60Hz) = 143.7 , THD=5.02%

Line Current (% of Fundamental)

0 2 4 6 8 10 12 14 16
Harmonic order

(b)
Fig. 4. The injected currents in the case of the active filter: a)
real-time b) harmonics content.

To solve the above multi-objective problem, the meta-
heuristic algorithm of SPEA-II is utilized. The obtained Pareto
front is presented in Figure 5 for this problem (one point from
it is selected based on the fuzzy min. max method). The
designed parameters in this study are presented in Table.2. The
compensated system based on the passive filter designed as
described above is simulated. The real-time currents and
harmonics content of the injected currents to the grid are
depicted in Figures 6. a and b, respectively. As it is clear from
Figure 6. b, the total harmonics distortion of the system is
decreased to 4.96% which is less than the required standard,
but the passive filter could not adapt to the changes of the grid
and load. Therefore, it is proposed to use the hybrid filter in
this paper.

A. The Proposed Hybrid Filter

It is proposed to use the hybrid filter to overcome the
deficiencies of the active and passive filters. The power of the
inverter of the hybrid filter is less than the active filter resulting
in a cost reduction compared with the active filter. Also,
including an active filter in the structure of the hybrid filter
adds to the system adaptation due to changes in load and the
grid.
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TABLE 2
OPTIMIZED PARAMETERS OF THE PASSIVE FILTER
Item  Parameter Value
1 C5 26.5807 uF
2 Cc7 33.248 pF
3 Cl1 24.725 uF
4 L5 10.6 mH
5 L7 4.3 mH
6 L11 2.4 mH
7 R5 0.33Q
8 R7 0.189 Q
9 R11 0.166 Q
x10%
4l
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o Xx
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Fig. 5. Pareto front to optimize the passive filter.

TABLE 3
OPTIMIZED PARAMETERS OF THE PASSIVE FILTER

Item  Parameter Value

1 c5 25.0496,F

2 Cc7 20.3711uF

3 Ci11 17.6754uF

4 L5 11.2mH

5 L7 7mH

6 L11 3.3mH

7 R5 0.35Q

8 R7 031 Q

9 R11 023 Q

Moreover, two-stage filtering brings more effectiveness to

the overall quality of the system.
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Fig. 6. The injected currents in the case of the Passive filter:
a) real-time b) harmonics content.

To optimize the passive filter parameters in the hybrid filter,
the meta-heuristic algorithm of SPEA-II is used. The obtained
Pareto front is presented in Figure 7 for this case. The designed
parameters, in this case, are presented in Table.3. Comparing
results presented in Figures 3 and 8, it is clear that both
objectives are improved in the case of the proposed hybrid
filter.

The real-time currents and harmonics content of the injected
currents to the grid in this case are depicted in Figures 8. a and
b, respectively. The proposed hybrid filter not only overcome
the deficiencies of high power inverter and adaptation due to
changes in system parameters but also reduced the THD of the
injected current to 1.75% which is very less than the threshold
required standard of 5%.
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Fig. 8. The injected currents in the case of the Proposed
Hybrid filter: a) real-time b) harmonics content.

D. Dynamic Load

To investigate the proposed filter’s performance in different
environments, an induction motor is added to the previous load
as a dynamic load. Due to the non-sinusoidal and variable
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currents of the induction motor, a well-designed filter must be
able to ensure high-quality currents are injected into the grid
in all types of loads.

In this case, the hybrid load consists of an induction motor and

anonlinear load. The effective currents of the induction motor
and the nonlinear load are 53 A and 120 A, respectively. Figure
9 shows the injected currents to the grid in real time and the
frequency domain in this case. As it is measured from
harmonics spectrum analysis, the THD of the injected current
is 15.84% which could not satisfy the utility standards.

The above simulation is repeated adding the proposed filter in
Figures 10. a and b, respectively. The proposed hybrid filter
reduced the THD of the injected current to 1.22% which is very
less than the threshold required standard of 5%.

The previous methods decrease THD to 3.11% [24], 2.15%
[26] and 1.86% [27]. Therefore, the proposed hybrid filter
profit more superiority.
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Fig. 9. The injected currents in case of the Dynamic load: a)
real-time b) harmonics content.
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Fig. 10. The injected currents in the case of the proposed
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V. Conclusions

In this paper, a hybrid filter is proposed based on a four-switch
inverter that is decreased the power of the inverter compared
with the conventional active filters. Moreover, compared with
passive filters the proposed system is capable of adaptation
with variations in load and grid parameters. To improve the
performance of the hybrid filter, two objective functions
related to current harmonics and the overall cost of the system
are considered. Therefore, utilizing a four-switch inverter with
two switches than the conventional structures and optimized
design of the passive filter makes the proposed hybrid filter an
attractive choice for selection.

The parameters of the system are optimized based on a meta-
heuristic algorithm of SPEA-II. Simulation results show that
the THD of the injected currents to the grid is reduced from
16.66% in the original system to 5.02%, 4.96%, and 1.75%
with active, passive, and the proposed hybrid filters
respectively. Therefore, the proposed filter is effective based
on performance and overall cost of the system.
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Objective: Demand response programs (DRPs) are considered a promising solution to
address the variability and uncertainty of renewable generations. Heat pumps (HPs) as
responsive loads are prone to participate in DRPs. HPs participation in DRPs will lead to
changes in the buildings’ temperature and, correspondingly, the occupants’ thermal
comfort (OTC). If these programs are not planned wisely, HPs owners’ tendency to
participate in DRPs will reduce, and power system operators will be deprived of the
DRPs benefits. This work proposes a new ASHRAES55-based framework to guarantee
the OTC. Information gap decision theory (IGDT) is also used to address the uncertainty
of renewable generation. Then, an objective function is defined to simultaneously
optimize the power consumption of HPs and the uncertainty of wind turbine generators.
To find the optimal solution, the standard and adaptive fuzzy PSO algorithms are used.
For determining the participation of HPs in the DRPs, there is a conventional scenario in
which the temperature of each residence should be limited to the range defined by the
occupant(s). The simulation results verify the superiority of the proposed scenario over
the conventional one.

Nomenclature

DG Distributed generation TABS Thermally Activated Building System
DSO Distribution system operator VFD Variable frequency drive

DRPs Demand response programs VSHPs  Variable speed heat pumps

DLC Direct load control wr Wind turbin

HPs Heat pumps A Area of room surface (m?)

1GDT Information gap decision theory cor Compressor coefficient of performance
MIT Massachusetts Institute of Technology cshe Specific heat capacity [J/kg.K]

oTC Occupants’ thermal comfort h Convective heat transfer coefficient [W/(m2.K)]
PMV Predicted mean Vote Icl Clothing insulation[m2°C/W]

PSO Particle swarm optimization process k Clothing insulation[m2°C/W]

RA Risk-averse strategy ko ke, k. VSHP steady state linear model coefficients
RS Risk-seeker strategy L Thickness of the room surface (m)
TABS Thermally Activated Building System kosrse: VSHP steady state linear model coefficients
VFD Variable frequency drive

VSHPs  Variable speed heat pumps
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R., Convective resistance[m2 K w-1]

R.q Conductive resistance[m2 K w-1]

T._air  Ambient temperature [°C]

Te—amp Outdoor air temperature [°C]

p Density of the surface materials
[kg/m3]]

Wy Compressor speed [rad/s]

Pypsn  Heat pumps consumption in bus no.n
(kW]

Piin Heat pump minimum consumption
[kw]

Prhax  Heat pump maximum consumption
(kW]

Phax  Heat pump maximum consumption
[kw]

Tomin Heat pump consumption correlated to

Tmin[KW]

PTideal Heat pump consumption correlated to
Tigeal [KW]

Thin Indoor air temperature correlated to
PMV=-0.5[C]

Tigear  Indoor air temperature correlated to
PMV=0 [*C]

Tmax  Indoor air temperature correlated to

PMV=+0.5 [°C]
Objective function

f

144

X Vector of decision variables

l/_l Predicted value of the uncertain parameter

P Realized value of the uncertain parameter

a Uncertain radius of uncertainty

a Maximum radius of uncertainty

H Vector of inequality constraints

r Set of all equality and inequality constraints

G Vector of equality constraints

A Critical value of the objective function

Poet Network power provision [KW]

Poss  Network power loss[kW]

Pyps HPs power consumption[kW]

WT Predicted value of the WT active power
generation

CI Congestion index [MVA]

Cl¢c Critical value of the CI [MVA]

S Power flow in line L [MVA]

Simax Maximum power flow in line L [MVA]

M Metabolic Rate[met]

P, Compressor mechanical input power [kW]

Qnp Heat pump thermal energy [kKW]

. Introduction

The global warming phenomenon and its devastating
effects have compelled many countries to sign international
agreements to clear the way for the world’s energy policy.
The Paris Agreement [1] is a landmark in this regard.
Decarbonizing the power sector by increasing the integration
of renewable energy and electrification of transportation and
heating/cooling sectors should be considered as two steps to
implement the agreements. Solar photovoltaic and wind
turbines have experienced the fastest expansion among
different renewable generation technologies. These
technologies accounted for 90% of the new renewable
generating capacity in 2022. However, the rising penetration
level of renewable energy sources leads to the mismatch
between renewable supply and demand because of the
unpredictable and variable nature of wind and solar resources.
One option to address the problem is to shift the paradigm of
energy use and production from "production p Within the UK
domestic sector, space and water heating comprise 80% of the
energy consumption. Furthermore, by 2030, the UK might
have 9 million Heat Pumps (HPs), shifting a portion of
heating energy resources from gas to electricity. A survey
found that nearly 90 percent of American households have
HPs of some sort; hence, these loads have a high potential to
be deployed by demand response programs (DRPS).ursuing
demand" to "demand

pursuing generation". Therefore, one promising DRPs option is
HPs consumption control for managing the uncertainty and
curtailment of renewable energy resources [2, 3]. This paper
investigates the effect of using HPs in managing wind power
uncertainty. Controlling the consumption of HPs in the form of
DRPs affects the temperature of people's living/working
environment and their thermal comfort.

Therefore, the thermodynamic model of residences should
also be considered. Since a few numbers of papers
simultaneously examined three topics including the OTC,
uncertainty management, and buildings thermal networks, the
review of references has three subsections including
uncertainty management, OTC, and thermodynamic models of
buildings.

a) OTC related publications: From the OTC perspective,
three different visions were investigated by authors:

» Feedback based: In this category, the data from an
experimental room provided the main foundation of the
method. With the aid of a supervisory control strategy called
smart zoning in every room of the building, set points were
regulated so that the whole building's performance was
optimized from energy consumption and OTC perspectives [4].
In [5], a two-level supervisory closed-loop feedback strategy
was exploited. At the first level, each building used a local
closed-loop feedback controller that only analyzed local
measurements; at the upper level, a centralized unit monitored
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updated the local controllers to optimize energy cost and
thermal comfort. Anand et al. [6] utilized three occupancy-
based HPs operational strategies to optimize energy
consumption and indoor air quality when a typical variable air
volume system served multiple zones inside a building. Based
on the duration residents occupied a specific room, the amount
of air entering the area and the temperature were set. In the
abovementioned references, OTC was utilized only to prove
the effectiveness of the proposed methods and not as their
foundation. Moreover, the main reason for HPs introduction
into electrical surveys is their remedial capability in the future
operational issues of renewable-dominated energy systems.
Therefore, ignoring operational objectives, constraints, and
interactions of these loads with power systems (especially low-
voltage grids) would not be appropriate. Moreover, as each
occupant would have his behavior or each room in a building
could have a different occupancy pattern, the control algorithm
will be too elaborate for distribution system operator (DSO) or
load aggregator to adopt for a large number of HPs.

+ Consumer ideal temperature range: For the day-ahead and
intra-day scheduling of the operation of heating units within a
city section, Diekerh et al. [7] used a hierarchical robust
distributed optimization algorithm. The paper concentrated on
optimization methods, and each consumer introduced a
separate objective function (OF) to be optimized. In [8],
considering self-defined occupant thermal comfort, a mixed-
integer linear programming approach provided optimal
scheduling for electrical loads in a smart building. The OTC
defined the degree of flexibility offered by the HPs. A
consumer could define the degree of flexibility; however, it
should be determined by the DSO so that OTC is assured while
operational and power market issues are managed. Marco Pau
[9] quantified customer flexibility with an optimization
method. Each consumer introduced an ideal range for
temperature variations.

+ OTC ignorance: An economic model of predictive
control was proposed in [10] to explore how district heating
companies can use power-to-heat devices and traditional
central cogeneration to balance the generation and
consumption of electric energy in smart grids. The authors of
[11] proposed a method that controls HPs based on local price
to avoid the overload in systems; however, they ignored the
OTC. Mendeza et al. [12] represented a control model for HPs.
DR signals from the power market altered the loads' thermal
setting to improve the magnitude of the network voltage;
however, the effect of HPs set points alteration on the OTC
was not investigated. The authors of [13] introduced an
aggregated electro-thermal model for a group of houses.
Energy consumption moved in time to balance the grid.
Thermal discomfort was permitted. They considered large
energy storage capacities to shift energy consumption to the
periods in which high penetration of renewable energy sources
happened. In [14], no calculation was carried out to understand
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if users-defined thermal comfort is following their real thermal
needs. An optimization procedure achieved coincident power
peak shaving in the distribution grid and provided the required
thermal comfort for end-users. Kim et al. [15] modeled the
thermal dynamics of variable speed heat pumps (VSHPS) using
a set of piecewise linear equations for two different methods
of room temperature control; however, the results were so
contingent upon how an occupant defined his suitable thermal
comfort. Abyaneh et al. [16] introduced a probabilistic
nonlinear model for maximizing multi-energy storage and
demand response flexibility. The proposed model has provided
adjusted temperatures for consumers. The temperature was not
based on occupants’ real thermal needs, and no specific index
was proposed for evaluating the OTC.

* b) Uncertainty related studies: In [17], to obtain the
optimal locations of wind power plant installation, the
uncertainty of electrical loads and wind power and their
correlation have been considered. Considering the correlation
between hourly loads and wind power variations mitigates the
mismatch between the load profile and wind power.
Malekijavan et al. have proposed a method to optimize the
operating and reliability costs of an energy hub while
considering uncertainties of loads, energy price, electrical
vehicle demand, and equipment availability [18]. In this study,
the OTC is ignored to be considered as a constraint in the
optimization problem. In [19] micro-grid operation was
optimized by considering reliability, flexibility, and
environmental constraints. In this study, the renewable energy
generation uncertainty was addressed using stochastic
programming. The optimal energy management and operation
of networked microgrids using dispatchable (fuel cell and
microturbine) and non-dispatchable units (wind turbine and
solar units) have been investigated by VVosoogh et al. [20]. In
this study, a stochastic framework has been utilized to solve
the optimal economic dispatch of the units and investigate the
uncertainty effects of renewable energy resources, electric
vehicles, and load demand. The abovementioned references
utilize stochastic planning methods to deal with uncertainties
of renewable generations which were not as helpful as the
IGDT when micro-grids are subject to severe uncertainty. In
[21] a multi-timescale economic scheduling model considering
the uncertainty of wind power has been proposed. Day-ahead,
intraday, and real-time scheduling periods were considered in
which wind power prediction accuracy was improved, and
optimal planning was carried out using the appropriate
methods. In the presented model, the prediction error range
must be specified in advance. Otherwise, the model will not be
applicable, and the IGDT should be substituted for the
proposed method. In [22], the interval optimization method
considers the uncertainty of wind power and photovoltaic units
in a combined cooling, heating, and power system. The
advantage of this study is that, in addition to the energy cost,
carbon oxide emissions are also minimized. The interval
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optimization method requires the lower and upper limits of
uncertainty parameters. So, this method is impossible to
implement without knowing these boundaries. Authors in [23]
minimize the total energy cost of the multi-carrier microgrids
and decrease CO2 emission rates by considering HPs.
Uncertainties associated with a wind turbine (WT), electrical
loads, electricity market price, and behavior of the electric
vehicle are considered. Coelho et al. propose an optimization
model to use the flexibility of multi-energy systems to mitigate
the uncertainty associated with wind generation [24]. Correa et
al. present an optimization model for home energy
management systems while the uncertainty of energy prices,
PV production, and load are considered [25]. OTC has been
ignored in all the above-mentioned references. Probability
density or the membership function-based, IGDT-based and
hybrid-based frameworks were proposed in researches to deal
with the renewable energy resources uncertainty. In a network
with severe uncertainty in the wind power profile, the IGDT-
based method was proved to be more effective with less
computational burden [26]. In [27], a hybrid stochastic/IGDT
approach is utilized to optimally schedule a wind-based energy
hub and manage the electricity price uncertainty while the
OTC was ignored. Murphy et al. study both opportunistic and
conservative effects of a WT uncertain generation on the
standard distribution system congestion [28]. Fixed integrated
pre-determined multi-level of load flexibility has been
assigned to the nodes (one node for each level of flexibility)
with the dominant effect on the congestion (as the OF) to
exhibit the effectiveness of the DRPs on uncertainty
management problem. A two-step optimal operating procedure
for a community-integrated energy system was presented by
Wang et al., addressing multiple uncertainties and integrated
demand response [29]. In [30], a stochastic framework for
residential energy management in multi-carrier buildings has
been proposed. Thermal and electrical loads are categorized as
price-responsive and non-responsive loads. The authors of [31]
consider the electrical chiller as the cooling supplier of an
office building. A two-step hierarchical microgrid energy
management method for an office building is proposed that
accounts for uncertainties from renewable generation, electric
load demand, outdoor temperature, and solar irradiance while
ignoring the OTC impacts on the system flexibility. A
resilience-oriented  stochastic ~ framework  considering
integrated demand response is proposed in [32] to improve the
overall economy and system resiliency, whereas HPs' high
potential for managing uncertainty is ignored.

. ¢) Thermodynamic models for buildings:
Simplified dynamic models of buildings are gaining more and
more attention recently. TABULA and EPISCOPE are two
European projects that provided a compatible structure for
classifying building types and constructing building
archetypes based on statistical analyses of large building
samples [33]. Detailed analyses of buildings’ models are

proposed in [34-36] as well as international standard 1SO
13790 and the German Guideline VDI 6007. The system
domain in these models is approximated by a series of nodes
connected by thermal resistances and capacitances. Their main
advantage is that once the parameters are identified, the system
can be solved analytically, avoiding the problems that arise in
numerical schemes. In [34] an elaborated thermodynamic
model of an experimental room is introduced. The reference
did not study the distribution system operational limits and
system-wide effects of HPs consumption alteration. The model
is developed in [35] for HPs control methods investigations. In
[36], reduced-order thermal response models of twelve
representative German building types in three insulation states
were proposed. The DRPs potential of the buildings’ structural
thermal mass (called passive storage) was used in two
predefined cases. In the discharge case, HPs are actively
switched off, while the heat demand is covered by the passive
storage discharge. In charge case, HPs are actively switched
on regardless of the current heat requirements by overheating
the passive storage. HPs have an on-off controller which is an
old control method and could create power quality
consequences, especially if the degree of HPs penetration
grows in the future; 20°C to 22°C is considered as the comfort
band without introducing any criterion.

In the abovementioned references, RC models are used for
the electro-thermal simulation of buildings. Consequently,
each model can be selected to demonstrate the effectiveness of
the proposed method in WT uncertainty management. The
thermal network introduced in [34] is a thermodynamic model
modified for electrical applications. Therefore, the model is
utilized by this paper for the investigations of the building’s
thermal behavior.

ASHRAEDSS standard [37-38] creates a framework for the
OTC determination that depends on occupants' physical and
environmental status. In other words, this standard will
transform the OTC from a personal interpretation-based factor
to a measurable and calculable one. This work evaluates
temperature ranges that guarantee the OTC. Consequently,
DSO would count on steady and maximum HPs flexibility to
overcome operational problems and postpone low voltage
grids' future expansion. HPs consumption is a decision
variable in this work's optimization algorithm rather than the
source of uncertainty. HPs consumption control is considered
a tool to save/benefit the DSO and the low voltage network to
a specific level of decrease/increase in the WT power
generation. Finally, DSO with direct load control (DLC)
signals changes HPs set points or consumption in each bus of
the test system. The contributions of this study are summarized
as follows:

+ Based on the ASHRAES55 standard and RC-network
representations of examined building models, a new OTC-
ensured HPs DRPs participation framework is proposed to
introduce the loads as tools of WT uncertainty management.
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Fig2. Heat loads in a bus.
 The core of the IGDT method is an OF which is used for
optimizing the permissible renewable energy forecast error.
This work adds a HPs consumption-related term to the
function which has a positive influence on the forecast.

The rest of this paper is organized as follows. System
modeling, thermal comfort and calculation of OTC-assured
HPs consumption boundary are explained in section 2. The
IGDT and optimization process are proposed in section 3.
Simulation results are depicted in section 4. Finally, the
conclusion is drawn in the last section.

1. System modeling

A.  MIT experimental room’ thermal network

The building is located at MIT and divided into two parts:
Climate Room and Test Room. The outdoor temperature
changes are simulated by changing the climate room
temperature. The test room is equipped with Thermally
Activated Building System (TABS) ventilation system (Fig.1).
The system provides resilience complexes with warm water.
Hot water pipes pass through the floor. The walls are made of
layers of thermal insulation and concrete. Each layer is defined
by its thickness, thermal conductivity, specific heat capacity,
and density. The test room has a heater and lighting. The heat
generated by these sources simulates thermal losses.

In this work, DLC signals, via a Variable Frequency Drive
(VFD), control compressor speed, rate of the working fluid,
and power consumption of a VSHP in a central load
dispatching center or local control center (Fig.2). The signals
are applied according to the DSO operational /power market
goals, while the indoor air temperature is maintained at hourly
based, OTC-assured limits. All residents’ complexes are
assumed to have the same structure as the experimental room.

Thermal Comfort-Based Heat Pumps... /Sedaghat, et al

In Fig.3 thermal network of the room is introduced.
Conductive and convective resistances are modeled by
electrical resistances. The electrical equivalent of temperature
is the voltage source, and heat gains are modeled by voltage
and current sources, respectively [35]. Qhp is the thermal
energy injected into the building, and Te-air is the operative
temperature. The values of convective thermal resistance
(Rev), conductive thermal resistance (Rcd), and thermal
capacitance (C ) could be obtained via (1)-(3).

Red =L.(k.A)™ @)
Rev =(hA)* @)
C=c,.LAp ®)

L and A are the thickness and area of the room surface,
respectively. p and cshc are the density and specific heat
capacity of the surface materials. Also, k and h are the
conductive and convective heat transfer coefficients; indeed, h
is set to 5W/ (m2.K), regardless of the surface characteristics,
although all the convective resistors are denoted as Rcv. All
parameters in the RC model are calculated based on the
experimental room characteristics proposed in [34].

B. Occupants’ thermal comfort

Thermal comfort is a mental state that expresses the degree of
satisfaction of a person from the thermal conditions of the
environment. There are several physical parameters involved
in thermal comfort. Two conditions must be fulfilled to create
thermal comfort: 1-The composition of the temperature
produced inside the body and the skin temperature create a
neutral thermal sensation (not cold or warm), and 2- The
energy balance is created in the body, which means that the
heat generated by the metabolism is equal to the temperature
exchanged between the body and the environment.
Relationships between skin temperature parameters, the
degree of heat inside the body, and the amount of physical
activity create a neutral sense of warmth in experimental
studies. In these experiments, transpiration rate and skin
temperature are measured for different amounts of body
metabolism, while the person under the test has thermal
comfort in all conditions. What makes looking into thermal
comfort vital is its remarkable impact on residents’ satisfaction
with consistent DRPs participation. Therefore, HPs DRPs will
be reduced if the OTC is ignored by the DSO.

Predicted Mean Vote (PMV) is a seven-point scale for heat
sensation. This index allocates a number for the degree of
thermal sensation of individuals. According to an occupant's
clothing, metabolism, and physical conditions, the room
temperature equals a specified PMV. PMV could be positive
or negative. The positive values of the table (1) are equivalent

to the temperatures in which the residents feel a little heat,
and the negative values of the table correspond to the
temperatures that will cause the residents to feel a little cold.
The ideal residence's temperature is the one that occupants feel
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Fig.3. Electro-thermal network of the experimental room.

TABLE 1
PMV AND THERMAL SENSATION

PMV'  THERMAL INDICATION

+3 Too warm
+2 Warm

+1 A little warm
0 Neutral

-1 A little cold
-2 Cold

+3 Too warm
+2 Warm

+1 A little warm
0 Neutral

thermally neutral. The ASHRAES55 standard introduces (4)
as the allowable range for PMV deviation from the ideal value
(PMV=0).

-05<PMV <+0.5 (@)

In the following section, the temperature range in which the
constant regulation of the indoor air temperature ensures the
OTC is determined (the temperature range equivalent of (4)).

For the internal space temperature of a house, this work
defines ‘Tideal’ as a temperature in which the PMV index is
zero; ‘Tmin’ is the minimum permissible temperature in which
PMV=-0.5 and occupants feel a tolerable sense of coldness,
and ‘Tmax’ is the maximum allowable temperature in which
PMV=+0.5 and occupants have an endurable sense of warmth.
Tmin, Tmax, and Tideal are determined using a relationship
between the operative temperature and PMV [37- 39].

C. OTC-assured temperature boundary
PMV equation is denoted as follows:

Pmv = (Tt Mw,1,) @)

Two different groups of information should be provided:

* Occupants’ physical characteristics include their
metabolic rate (M), effective mechanical power (W) that is
dependent on the type of activity, and thermal insulation of
occupants’ clothing (Icl).

» Environmental characteristics include airspeed, relative
humidity, operative temperature (Te_air), and mean radiant
temperature (tr). Te_air describes the combined effects of
convective and radiant heat transfer, and tr shows the radiation
temperature of surrounding surfaces.

Most of the needed parameters could be estimated by
statistical methods. In system-wide investigations, the number

TABLE 2
TYPICAL CLOTHING INSULATION AND ACTIVITY

Time Residents’ clothes M Resident’s
period lcu activity
10PM- 1 Typical winter 40 Sleeping
7TAM indoor clothing

8AM- 0.85 Long sleeve shirt 65 Typing
4PM

5PM- 0.96  Sleep wear pajama 100 Housework
9PM tops

5PM- 0.96  Sleep wear pajama 100 Housework
9PM tops

of HPs is high, and each occupant would feel thermal
discomfort even if the indoor temperature is maintained in the
OTC-assured boundary (Eq.5); therefore, in this work, a day is
divided into three time periods. In each period, all effective
parameters on residents’ sense of warmth, except HPs injected
thermal energy (Qhp), are assumed to have minimum possible
values defined by the standard (Table.2). The assumptions are:

» The mean radiant temperature is assumed to be the
minimum ASHRAES5-defined value (10°C). In this way, the
effect of residents surrounding objects in heating the building
is minimized; especially in the daytime, the radiant
temperature is higher than 10°C, and residents' sense of
warmth increases. In other words, HPs are assumed as the only
means of providing thermal energy for residents.

» Tables in Appendix B of the ASHRAESS5 standard are
used to estimate the clothing insulation parameter (Icl). The
maximum value of the parameter is 1, which represents typical
winter indoor clothing. For the period between 9 PM-7 AM,
Icl is assumed to be 1. Usually, at night time residents wear
clothes with higher insulation values. For example, using a
multi-purpose quilt and wearing full-slip sleepwear at night
can raise the Icl to 4.56 [40]; the PMV and thermal sensation
of occupants will be more than what is considered by the DSO.

+ The parameters related to the weather have been selected
based on Tehran's monthly and annual statistics [41-42].

* For 9 PM-7 AM and 5 PM-9 PM periods, archetypal
activity levels (M) are supposed for occupants. From 8 AM to
4 PM, an activity with a low metabolic rate is assumed for
occupants. More common daytime activities increase the
metabolic rate, PMV, and occupants' thermal sensation. Based
on the above assumptions and Eq.4, Tmin, Tideal, and Tmax
are calculated and depicted in Fig.4.

The operative temperature should be held at the boundary
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known as the OTC-assured temperature boundary (6).
6
T <T _<T )

e_air

D. The relationship between OTC-assured temperature
boundary and VSHP power consumption

The thermal network of the experimental room can be
utilized to calculate the energy needed to maintain the
operative temperature in the OTC-assured boundary.

The equivalent network is a thermodynamic circuit;
nonetheless, the dynamic behavior of the building model is
ignored. The reason is that the presented approach in this work
changes the temperature of a building in a range that, at all
points, OTC is assured. In other words, in all temperature
values between initial and steady-state values, the OTC is
guaranteed, and HPs are exploited for handling network
operational issues. Therefore, the steady-state response of the
building is considered.

For example, the OTC-assured boundary is between 18°C
and 21°C on a winter night. According to the step response
(Fig.5), it takes 4000 sec. (nearly 1 hour) for the indoor air
temperature to rise from 18°C to 21 °C and vice versa. If the
DLC signal is applied an hour before the schedule (in the form
of the day-ahead operational planning), then the temperature
will be set at the intended value; therefore, the thermal
behavior of the building between initial and steady-state values
could be ignored.

Thermal Comfort-Based Heat Pumps... /Sedaghat, et al
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Fig. 6. Schematic diagram of a heat pump heating cycle.

E. Modeling of a DLC-enabled VSHP

Fig.6 shows that VSHP comprises an evaporator, a
compressor, a condenser, and an expansion valve. The heating
cycle of a heat pump extracts heat from the air outside, raises
its temperature, and heats indoor air with warm air. Liquid
refrigerant transforms into a gas by absorbing the outdoor air
heat in the evaporator. The compressor raises the gas pressure
and temperature. The hot gas passes through a condenser coil
in the indoor space. Its temperature is higher than the indoor
air temperature. Therefore, the gas transfers heat to the indoor
space and condenses into a liquid. Eventually, the fluid passes
through the expansion valve. The cycle terminates by lowering
the liquid's pressure and temperature.

The shaft speed (wr), condenser ambient temperature (TC-
amb), and evaporator air temperature (Te-air) are the input
variables for the VSHP model. Only or is controlled.
Compressor mechanical power (Pm) and heat rate (Qhp) are
the output variables. Additionally, the coefficient of
performance (COP), which is defined as the ratio of Qhp to Pm,
is used to assess the VSHP performance. The power usage of
the fan is disregarded. Compression consumes the majority of
the VSHP input power. VSHP has a dynamic behavior in
response to the DLC signals; however, as stated earlier, the
DLC signal was applied long enough before the instant of
operation; therefore, in this work, a linear steady state function
has been utilized for VSHP modeling (7).

I:)m = kwwro + k T + keTe—airO + kof‘fset (7)

C "C-amb0

In [31], multiple polynomial regressive algorithms were
applied to 2210 different combinations of the input variables
over typical VSHP operating points to find the coefficients ko,
kC, ke, and koffset. Te-air0 is the indoor air temperature
ensuring the OTC. It is determined by the PSO algorithm; Tc-
ambO is the outdoor air temperature and a known variable;
therefore, the equation is deployed to find the speed wr0 which
is necessary for producing the mechanical power Pm.
Subscript ‘0’ denotes the parameter values at steady condition.
F. HPs minimum and maximum consumption calculation
for winter

In this section Tideal, Tmin, and Tmax are employed to
calculate the minimum and maximum HPs power consumption
(Pmin and Pmax, respectively). In the following sections,
Pmin and Pmax are utilized in the optimization procedure to
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determine HPs flexibility in DRPs. Any value for HPs
consumption between Pmin and Pmax determined by the PSO
will satisfy the OTC.

In winter, if the outdoor temperature becomes lower than
Tmin, then the minimum power consumption of the HPs is
equal to the power needed for heating the temperature to Tmin.
The maximum consumption of the HPs is the power for
heating the temperature to Tideal. When the temperature is in
other areas, the minimum and maximum consumption of HPs
are determined using the Eq. (8).

P_=P
- e Tmin <T< Tideal
PHPmax_mm IDmin =0
IDmax = I:)min = I:)T T2 Tideal or T2 Tmax

ideal

(@)
P_(T_ideal ) is the power needed to maintain indoor air
temperature at Tideal.

Temperature is a constant parameter; therefore, in [35], a
‘voltage source’ is considered the electrical equivalent of
temperature. The current source is the electrical equivalent of
HPs thermal power (Qhp). In the experimental room model
(Fig.3), at a specific hour, for a definite value of ambient
temperature (Tambient), @ certain value of Qhp is needed for
heating the building to Tmin /Tideal. Te air (the indoor air
temperature) is replaced by a voltage source with the value
Tmin /Tideal. HPs power consumption for generating Qhp is
determined using the COP. The index is supposed to be 0.7.
G. Test network

The chosen test network under examination is a modified
IEEE 33-bus test system. The technical data of the network is
provided in [43]. The modification includes a WT installation
in bus no.18 and 20% of HPs penetration in each bus (Fig.7).

I11. Uncertainty management of renewable
generations using HPs

This work introduces a decision-making framework that
exploits HPs and a WT reactive power generation capability to
manage the uncertainty of wind power. Occupants’ thermal
comfort is assured consistently. PSO is employed to determine
optimized decision variables.

A. Uncertainty Modeling

The general optimization problem is defined in (9) - (11),
where a series of decision variables optimize the OF. Equality
and inequality constraints will limit the optimized decision
variables' values.

min f (X,y) 9)
H (X y)<0nel,, (10)
G, (X,p)=0mel_ (11)
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Fig7.Modified IEEE 33-bus test system.

X is the vector of decision variables, v is the predicted
value of the uncertain parameter, T is the set of all constraints,
H and G are the set of inequalities and equalities for the
variables X.

B. IGDT Risk Averse (RA) strategy

If the OF is optimized based on 1, then underestimation of
the wind forecast will deteriorate the OF from the optimized
value. In this case, the DSO, as the decision maker, specifies
the maximum tolerable deterioration in the optimized value of
the OF(15). In return, IGDT determines X and the maximum
manageable underestimation of wind forecast (& in (12)). If
the DSO operates the network based on the vector X, then for
the uncertainty gap between zero and &, the value of the OF is
restricted to the DSO pre-specified critical limitation (15) and
all constraint equations remain true ((13) and (14)). IGDT Risk
Averse (RA) strategy is formulated as:

max (X, v) (12)
H (X y)<0nel (13)
G (X,)=0,m el (14)
a={maxo|f(X,y) <A, =@1+B)f,} (15
veU@o) =+ Y<a (16)

v
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C. IGDT Risk Seeker (RS) strategy

Overestimation of the wind forecast will improve the value
of the OF. IGDT in the RS approach calculates a minimum
value for the radius of uncertainty (17) that leads to a pre-
defined improvement of the OF (20).
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from one iteration to the other one (toward a more optimal
version).

t+1 t t+1 22
Xt =X+ V, (22)
Identification:

Uses the previous . e L.
P Diversification: Looks for novel

m)!n a(X,vy) n deter?\cw)ilgg: {E’e be: Solutions and identifies areas that
: ' may have the solutions.
(18) solution of a
Hn (X' \II) = 0’ ne 1—‘ineq Specific region. A
G, (X.y)=0mel, (19) v [ |
a={mina|f(X,y) <A, =1-B)f,} O vi”l=w\/it+cll’1(pbestit—Xi‘)+czl’2(gbestt—xf) (23)
— - \T] 21 ¢ ¢ l
yveU(y,a)=———|=a (21) Inertia: Makes Personal influence:  Social influence:
v particles move in the Improves the Makes the particle

same direction and at
the same speed.

Ao as a pre-defined opportunistic limit, is hoped to be achieved
when the realized values are the improved version of the

follow the best
neighbors’ direction

individual. Using the
previous position

forecasted ones. The expected level of the OF improvement is
Bo. The minimum value of a.is ~ which should be determined,
while the value of the OF is kept below the parameter Ao.
D. Decision variables

Decision variables include HPs consumption in each bus.
E. Optimization procedure

The objective of an optimization problem is to identify a
variable represented by a vector X=[x1,x2,x3,..xn] that
minimizes or maximizes a cost function known as the fitness
function or the objective function. The position vector, X, is an
n-dimensional variable vector where n is the total number of
variables in the problem. The OF evaluates the quality of a
specific position vector X. Particle Swarm Optimization
(PSO) is a metaheuristic optimization technique that solves
challenging optimization problems with high efficiency and
simplicity. However, several PSO variations exist because
the performance of the normal PSO is prone to be caught in
local extrema. Fuzzy logic concepts have widely improved
the PSO algorithm. In this study, the performance of a
modified version of PSO algorithms known as Adaptive
Particularly Tunable Fuzzy Particle Swarm Optimization
(APT-FPSQ) is compared with the performance of the
standard PSO. The standard PSO compares the outputs of
this work's presented scenarios. Section 5 demonstrates that
APT-FPSO produces more acceptable results than the
standard PSO. In [38], PSO and in [39], APT-PSO
optimization methods are, respectively, introduced. The
standard PSO compares the outputs of this work's presented
scenarios. Section 5 demonstrates that APT-FPSO produces
more acceptable results than the standard PSO. In [38], PSO
and in [39], APT-PSO optimization methods are,
respectively, introduced.

PSO for each iteration generates a swarm of P position
vectors (X). The velocity vector (V) moves the position vector

The parameter w is the inertia weight with a positive constant.
The parameter balances the global and local searches. The first
search is known as exploration, and the second search is known
as exploitation. Higher values of w dominate exploration;
however, lower values of the parameter dominate exploitation.
pbest! is the personal best record of the ith particle in the t
iteration, and gbest! is the global best in the tth iteration; ry
and r, are random numbers within the range [0; 1]; ¢1 and ¢
and are constants known as the personal and global learning
coefficients, respectively.

F. The developed adaptive particularly tunable fuzzy PSO
algorithm

As already mentioned, the standard PSO variants have
facilitated the algorithm from premature convergence
phenomena. The main objective of PSO variants is to achieve
an adaptive, dynamic, well-balanced strategy for adjusting
PSO’s setting parameters during exploration and exploitation.
Fuzzy Adaptive algorithms are more useful than other variants
of the PSO. They utilize fuzzy logic concepts to tune the
setting parameters of the PSO algorithm adaptively and
dynamically. The Adaptive Particularly Tunable Fuzzy
Particle Swarm Optimization (APT-FPSO) proposes the best
strategy for balancing between exploration and exploitation
[46]. Section IV demonstrates that APT-FPSO produces more
acceptable results than the standard PSO. In [44], PSO and in
[45], APT-PSO optimization methods are, respectively,
introduced. The standard PSO compares the outputs of this
work's presented scenarios.

The Mamdani fuzzy inference system (FIS) has two inputs.
The first input normalizes the iterations (NIt) from the start
(NIt = 0) to the end (NIt = 1) of the algorithm. Eq. (24)
represents the normalized iterations.
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Current iteration
NIt = (24)
Maximum number of iterations

Three linguistic variables "Low", "Medium", and "High"
and corresponding three Gaussian Membership Functions
(MFs) fuzzify the normalized iterations. The second input of
the developed FIS is the fitness value of each particle. The
APT-FPSO algorithm uses the best and worst swarm fitness
values at each iteration to normalize particle fitness. (25)
formulates the normalized fitness index (NFI).

fitness . — min(fitness, )
NFI = — — (25)
max (fitness, ) — min(fitness )

fitnessy; is the fitness value of the i particle in the t™" iteration.
The max(fitness;) and min (fitness;) are the maximum and
minimum fitness values of the swarm in the t iteration,
respectively. Three Gaussian MFs are the second input NIt
linguistically called low, medium, and high. Fig. 8 (a) and
Fig.8 (b) indicate the inputs of the developed FIS. The outputs
of the proposed FIS are personal and global learning
coefficients, i.e., c{',tand cﬁ',t.Their values are proved to be
within the range [0.5, 2.5] in [41, 42]. c¢f,and c},are the
learning coefficients of ¢, and ¢, for the i particle in the t™
iteration respectively. Five triangular MFs represent the
outputs of the developed FIS known as, very low, low, medium,
high, and very high (c! .and c} ). Briefly, the developed FIS
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has normalized iteration and normalized fitness index as the
inputs, and two outputs known as ¢! .and ¢} ,.

The outputs of the algorithm are shown in Fig.8(c) and
Fig.8(d) For the proposed inputs and outputs, many rule bases
can be introduced with unique performances. The rule-base
surfaces utilized by this work are shown in Fig.9.

G. Objective function
In this work, the OF is formulated as:

P
foxw,, B - K, i(ﬂ) +K,W. +G (26)

=2 Tpro,n

Pupsn is the optimized consumption of HPs in bus No.n. Ppron
shows the consumption of the loads when HPs offer no
flexibility in bus No.n. G is a penalty factor which is a linear
summation of constraints. PSO minimizes both terms in (26).
The PSO utilizes HPs DRPs participation minimizing the first
term. The second term is the IGDT OF and is defined as
follows:

W, =(1-a)W, 7
W, = 1+ )W, (28)

In RA and RS strategies, WT, as the realized value of the
uncertain parameter, is related to the forecasted value by (27)
and (28). Wi is the wind power predicted value.

H. Constraints

 IGDT constraints: Critical and opportunistic values of CI
are utilized as the DSO or the decision maker inputs to the
IGDT-based PSO algorithm ((29) and (30)).

(29)
Ac=Cl =1+ A)CI=(1+ ﬂ)isl_
=L

(30)
Ag=Clg=(1- B)CI=(1 - ﬂ)isL
L=1

« The power flow constraint: The power flow equation
ensures that the power which the network and the WT provide
((Pret and Pwr, respectively) is equal to the summation of HPs
consumption (Pupes) and the network power 10ss (Pjoss).

Pnet + PW'I' = PHPs + PIoss (3_‘]_)

+ The operating limits of WT, HPs and bus voltages: The
OTC-assured operating limit of HPs is (32). Safe operating
limit for bus voltages is formulated in (33).

P.<P.<P_ (32)

min

09pu<V,, <lilpu (33)

. The role of heat pumps in uncertainty management

The decision maker (DSO) defines specific values for the
indices Ac, Ao, or B. Moreover, the limitations denoted in
section 4.9.2, are inequality constraints of the optimization

Thermal Comfort-Based Heat Pumps... /Sedaghat, et al

algorithm (the flowchart in Appendix A). The OF optimizes
HPs consumption and the radius of uncertainty(a)
simultaneously. Sections 4.9.2 and 4.9.3 prove that placing the
term related to HPs consumption along with the one related to
the IGDT will improve the output of the theory in both RA and
RS strategies
J.  RAstrategy

For each iteration of the PSO, after determining the
population, the Congestion Index (Cl) is calculated by carrying
out power flow while the constraint provided by the IGDT is
examined (34).

Cl <A_OrA, (34)

Candidate solutions with a closer to 1 are more liable to be
selected as the final solution; according to (27), the network
and the DSO will be protected against losing a higher portion
of the WT generation. The higher value of a” corresponds to
the lower value of the WT generation (27) and a higher value
of CI. Because of the IGDT constraint (34), candidate
solutions with a closer to 1 may not be the final solution.
Therefore, the only obstacle to achieving values is the
limitation provided by the IGDT. Placing the sentence related
to the optimization of the HPs consumption in the OF and
trying to reduce their consumption is an attempt to reduce the
CI and achieve the PSO to populations with a closer to 1.
K. RS strategy

Candidate solutions with ¢ closer to O are more liable to be
selected as the final solution; according to (28), the amount of
improvement desired by the DSO will occur for a lower
increase in the WT generation. Therefore, the decision-maker
can be more hopeful of realizing his optimism about the WT
generation increase and the improvement defined in the CI.
Reducing the consumption of HPs can have the same effect as
increasing the generation of the WT on the CI. Therefore, the
desired improvement will be achieved with a lower increase in
WT generation.

IV. Simulation results and discussion

In section A and B conservative and opportunistic
approaches have been taken into consideration, respectively.
For every single case, the outputs are compared for two
scenarios:

» Scenario | (user-defined). Occupants’ pre-defined
favorite temperature boundary is utilized for HPs consumption
determination. The temperature is assumed to be 28 °C for
winter and 18 °C for summer. Based on the typical wear of
occupants in winter it is assumed that occupants intrinsically
introduce temperatures which are equal to PMV +2 for winter
and -2 for summer (Table.1).

» Scenario Il (DSO-defined). In this scenario which has
been proposed by this paper, instead of using occupants’
personal view of the suitable temperature range (which is the
most common way of HPs DRPs participation), ASHRAE55
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is exploited to find the real thermal needs and the appropriate
boundary for occupants. Consequently, the utmost HPs degree
of flexibility will be achievable in DRPs.
A. Conservative approach

The first group of simulations are performed in a case in

600 T T T

1
— bet=0.6
500 - B i

Load(kW)

5 10 15 20 25 30
Bus(no.)

Fig.10. Scenario | HPs consumption alteration versus the
base case.
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Fig.12. Radius of uncertainty.

which underestimation of the wind forecast is of interest.
Thus, the WT will generate less than what is expected (27). A
‘base case study’ is considered in which no uncertainty exists
in the WT power generation. The results of HPs consumption
optimization by PSO can be seen in Fig.10.
As can be seen, the loads consumption related to a specific
level of critical congestion index (B=0.6) is less than the base
case. DSO has decreased the loads opportunity for increasing

a” to a higher value. As the B value rises, the power
consumption has been set to lower values (Fig.11), and
consequently the value of o™ will be raised (Fig.12).
Contrary to [28] in which a fixed predefined value of load
flexibility is assigned to a bus with the most influence on
700 T T

— User-defined
600 - ——DSO-defined

500 B

Load(kW)
S
S

[

S

=
T

5 10 15 20 25 30
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Fig.13. Scenario | & scenario 11 HPs consumption alteration
for p=0.6

the OF, in this work, a more realistic situation is taken into
consideration for HPs flexibility. Accordingly, HPs are
distributed all over a practical distribution system;
therefore, HPs in each bus are considered to provide
flexibility for uncertainty management. Moreover, HPs in
each bus are considered to offer a different level of
flexibility in a way that buses with higher penetration of
HPs offer higher levels of flexibility; therefore, without
violating the OTC, peak shaving has been performed by
increment and the proposed operating point (set of decision
variables) would be more attractive for the DSO to be
selected.

a. Scenarios comparison from uncertainty management point
of view

Two proposed scenarios have approximately the same reaction
to B increment; but, for a definite value of B, scenario II
determines a lower consumption for HPs (Fig.13). Fig.13
depicts the results for p=0.6 but the same results can be
obtained for other values of B. Fig.12 compares a" for both
scenarios. In fact, higher values of o and a wider range of
possible increase for B, are defined by Scenario IT (0.1< f<0.9
for the scenario I and 0.1< B<1.4 for scenario I). For 3 values
higher than 0.9, HPs consumption in scenario | remain
constant (PHPs=Pmin or Pmax in Appendix A). It means HPs’
consumption will no longer be the decision variable or be
effective in uncertainty management. Higher values for B in
scenario Il mean more effective usage of HPs in uncertainty
regulation. Therefore, from an uncertainty management point
of view, scenario Il would lead to higher levels of wind
forecast underestimation (29) and more acceptable results.

b. WT power reduction capability
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In the conservative approach, the realized values of WT
power generation are lower than the forecasted ones. For a
specific value of AC ‘dispatchable DG output’ refers to the
minimum value of WT power generation which can be
accommodated by the network. Therefore, in the proposed
method, wider WT power generation variations are allowed
which are more appropriate from a conservative approach

perspective (Fig.14).

80 T
—DSO-defined
70 ¢ — User-defined |
— wind forecast
60 - 1

5 10 15 20
Hour

Fig.14. Scenarios WT manageable WT power generation with
critical limit AC=0.7
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Fig.16.Scenario IT HPs consumption vs. f increment
(opportunistic approach).

B. Opportunistic approach
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In the test system, if the wind power goes higher than the
predicted value, then the congestion index will decrease. In the
proposed scenarios, higher values of B are accompanied by lower
values of HPs consumption (Fig.15 and Fig.16). According to
(30) increasing the B value leads to CI index improvement.
Moreover, in comparison with the conservative approach, p could
not grow higher than 0.4 (40% improvement in the OF). This is
-

2 400
300
200

100

5 10 15 20 25 30
Bus no.

Fig.17. Scenario I & scenario II HPs consumption ($=0.6,
opportunistic approach)
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wn

Opportunistic value(%)
w £ S
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Fig.18. Scenario | scenario Il radius of uncertainty.

o
—

because of the fact that the WT generation increment could only
provide a limited improvement and would never cause the
opportunistic congestion index to lower values.
a. Scenarios comparison from uncertainty management point
of view

Fig.17 and Fig.18 compare HPs consumption and radius of
uncertainty for both scenarios, respectively. Scenario 11 offers
lower values for HPs consumption and @. Therefore, from the
uncertainty management point of view, scenario Il would lead
to more acceptable results because, with lower HPs
consumption, a lower wind power generation increment is
required to produce the same enhancement in the CI parameter.
b. WT power generation for opportunistic scenario

For a specific value of AO, “opportunistic WT power
generation” refers to the minimum value of WT power
generation increment which is needed to meet the DSO
predefined congestion index while all constraints are met. As
can be seen in Fig.19, the proposed method assigns lower
values for opportunistic WT power generation which are more
desirable.
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Fig.19. Scenarios WT opportunistic WT power generation
with opportunistic limit Ao=0.1.
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Fig.20. Scenario | and scenario Il compressor speed

C. Technical and operational comparison

To show the technical superiority of scenario Il, a number
of parameters that are effective in the operation of equipment
and network have been examined for a conservative approach.
a. Compressor speed

As it was stated earlier, A VFD which is driven by DLC
signals controls the compressor speed. So, power consumption
of HPs is controlled by the speed adjustment. Lower VSHPs
power consumption in scenario Il means that the VFD drives
compressor at lower speed which reduces the wear in the
mechanical components. Fig.20 compares compressor speed
variations between two scenarios.
b. Compressor Coefficient of Performance

As was stated in section 2.4, COP can be calculated by (35).

cop=2e (35)
P

m
The larger the COP, means that a fixed amount of Pm
produce higher thermal energy. In other words, less
mechanical power is required to produce a certain amount of
thermal energy. Therefore, higher COP, higher efficiency,
lower energy (power) consumption and thus lower operating
costs are the results of the proposed method (Fig.21).
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Fig.21. Scenario | & scenario Il COP.

T T T T T
——DSO defined
0.98 - —— User defined | -|

0.94 -
2092
0.9 -
0.88 -

0.86 -

0.84

. . . . .
5 10 15 20 25 30
Bus no.

Fig.22. Scenario | and scenario 11 voltage profile.

c. Voltage profile

For B=0.1, the voltage profiles are examined for two
scenarios. In the proposed method, due to lower HPs
consumption, the voltage profile is improved across the
network. As can be seen in Fig.22, it is obvious that buses 13-
18 and 29-33 have the lowest voltage magnitude.
D. PSO and APT-FPSO results comparison

Applying the APT-FPSO optimization method to both risk-
seeker and risk-averse strategies can improve some results. In
terms of radius of uncertainty, this optimization method will
produce the same results in both strategies. But the amount of
consumption in the network will be reduced to an acceptable
level due to the use of the APT-FPSO method. In the following,
these two optimization methods will be compared for two risk-
seeker and risk-averse strategies for scenario 1.
a. Risk-averse strategy

In Fig.23, the test system power consumption is compared
for p=0.2. Although the APT-FPSO strategy has slightly
increased the consumption in some buses, in total, by using this
method the amount of consumption in the entire network has
decreased by 176 kW. This amount is 20 kilowatts more than
the typical consumption in bus bar No. 32 of the IEEE 33-bus
network.



157

600 - ol
T
500 CIAPT-FPSO
400
300

200

HHHH?HHWWHTHHHQHH

Bus no.

HPs consumption(kW)

_all

25 30

Fig. 23. PSO and APT-FPSO HPs consumption for RA
strategy.

600 -

Wrso
CJAPT-FPSO

5500
~,§-400
; 300
§ 200
-9
= 100
5 10 15 20 25 30
Bus no
Fig.24. PSO and APT-FPSO HPs consumption for RS
strategy.

b. Risk-seeker strategy
In Fig.24, the amount of network power consumption per

bus is compared for b=0.2 and using two optimization methods.

The APT-FPSO strategy has reduced the consumption in all
buses and, the total amount of consumption reduction is 200
kilowatts, which is equivalent to the typical consumption in
bus No. 33 of the IEEE 33-bus network.

V. Conclusion

To simultaneously achieve two main aims, a framework
based on the ASHRAESS standard for determining the optimal
flexibility of HPs in DRPs has been proposed. To achieve the
first goal means guaranteeing the OTC, a new method to
control the consumption of HPs was presented. In the first step,
the ASHRAEDSS standard determines the temperature ranges in
which the OTC is assured during the day. Then, using the
electro-thermal network of the experimental room at MIT, the
boundary of thermal energy required to stabilize the room
temperature in the abovementioned ranges and the
corresponding HPs power consumption boundaries were
determined. The results of using this method were compared
with the common one in which the temperature of the building
is adjusted within the predetermined limits by the residents.
The method has been proposed by this work reduces the
consumption of HPs by an average of 13%. To achieve the
second goal means managing the uncertainty of the WT, The
DSO handles this uncertainty by controlling the power
consumption of HPs. The effectiveness of two methods of
controlling the consumption of HPs in managing uncertainty is
compared using two risk-averse and risk-seeker strategies
provided by the IGDT. Using the proposed method, in the first

Thermal Comfort-Based Heat Pumps... /Sedaghat, et al

strategy, the radius of uncertainty increases by an average of
6%, and in the second strategy, it decreases by an average of
5.5%. The proposed method results are also more acceptable
for network voltage profile and compressor mechanical wear.
A. Future works

 Uncertainty management using IGDT by coordinated
operation of energy storage and HPs while considering OTC
as a constraint can be an attractive topic for future research.

« To further convince the DSO and HPs owners to adopt the
proposed scenario, the environmental and economic objectives
could be considered in the optimization problem which can be
considered as future work.

+ To determine a complete framework for HPs participation
in DRPs using classical and fuzzy approaches to find the
superior one is also an attractive topic that can be investigated
in future work.
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Appendix A: IGDT-based optimization algorithm
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