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Abstract

Purpose. This research aims to synthesize an automated system for stabilising the supply voltage of individual electrical con-
sumers at iron ore mines when it deviates from standardised values due to unpredictable disturbances in the mine power systems.

Methods. A dynamic voltage restorer was used to stabilize the supply voltage of mine electrical consumers. The basic con-
trol system for the dynamic voltage restorer was developed using control theory methods, such as linear-quadratic control.
Heuristic optimization methods were used to adapt the linear-quadratic regulator to unpredictable disturbances. The control
integral absolute error was taken as the criterion. Numerical analysis was used to check the quality of transients during voltage
stabilization using the proposed system.

Findings. The adaptive control system for a dynamic voltage restorer has been developed to stabilize the supply voltage of
individual electrical consumers at iron ore mines. The optimal genetic algorithm parameters have been determined, including
the population size and mutation rates of the linear-quadratic regulator weight matrices. It minimizes the integral absolute error
and, as a result, eliminates overshoot (overshoot is no more than 0.058%) and reduces the transient time (up to 95%) compared
to the unoptimized system.

Originality. The method of adaptive automated linear-quadratic regulator tuning based on a genetic algorithm is proposed.
For the first time, it is used to control a dynamic voltage restorer installed between the power grid and the mine electrical con-
sumer. This method has enabled the compensation of fluctuations in the mine power grid voltage at the consumer end, without
overshoot and with short settling times.

Practical implications. The results can be used for the development of digital controllers embedded firmware for dynamic
voltage restorers, providing real-time voltage fluctuation compensation and improving the power supply quality to mine
electrical consumers.

Keywords: underground mine, power system, voltage control, dynamic voltage restorer, linear-quadratic regulation,

genetic algorithm

1. Introduction

Within the set of power quality indicators (PQI) under the
conditions of underground iron ore mining, two factors,
among others, dominate: deviations of voltage and the range of
its fluctuations from standardized values [1]-[3]. According to
their ranking level [4], such voltage deviations and fluctuation
ranges are caused by various factors, including pseudo-
emergency situations (overloads) and actual emergencies
(short circuits), variability and instability of power grid ele-
ment parameters, unpredictable changes in electricity con-
sumption levels of mine loads, as well as the consequences of
attacks on energy facilities, among others [5]. Deviations of
supply voltage from standardized (permissible) values nega-
tively affect the operation of consumers connected to the in-
dustrial power grid, either on the surface or within the under-
ground mine. To minimize these effects — or, ideally, to main-
tain PQI at standardized levels — in the practice of industrial

power supply systems (PSS), several approaches and corre-
sponding technical measures are applied, including [5], [6]:

— adjustment of the transformation ratio of the power
transformer at the corresponding substation;

—variation of the reactive power transmitted through
transmission lines (TL), including adjustment of the electri-
cal parameters of compensating devices (capacitor bank
capacity, regulation of synchronous compensators).

At the same time, while noting the sufficiently broad
“geography” of possible theories for implementing the
aforementioned measures in the practice of power enginee-
ring complexes of underground mining enterprises, it is also
appropriate to highlight the insufficient potential content of
the current “portfolio” of such measures. This primarily
concerns the lack of practical, application-oriented solutions
in the development of technologies capable of ensuring an
adequately natural response to the stochastic and rapidly
changing factors influencing the process of maintaining real
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PQI at standardized levels, both in local formats (individual
indicators) and in the aggregate complex as a whole.

To address this gap, modern approaches, as substantiated
in [7]-[13], propose the integration of a dynamic voltage
restorer (DVR) into the constant maintenance of regulated
PQL. Its function [13] is to compensate for voltage disturb-
ances such as sags, swells, and harmonics. This ensures that
consumers sensitive to voltage quality — whose share is sig-
nificant within the power supply—consumption complex of
underground mining enterprises — receive a stable and unin-
terrupted power supply.

At the same time, when implementing this provision, it
should be understood that one of the key tasks in developing
a DVR of this type for the power grids of underground iron
ore enterprises is to ensure voltage stabilization within the
internal power supply system of the enterprise under the
influence of potentially unpredictable disturbing factors.
Moreover, their impact on specific PQI may vary significant-
ly. These prospects for DVR operation demonstrate that
configuring a linear-quadratic regulator (LQR) solely by
means of pole placement, for example, does not always allow
for a full consideration of all dynamic properties of the sys-
tem being controlled. This reduces the stability of automated
control systems (ACS) and deteriorates the quality of transi-
ent processes (QTP).

It is generally recognized [14], [15] that for application in
such automated control systems (ACS), the state-feedback
approach — namely, the linear-quadratic regulator (LQR)
method — is appropriate. This method belongs to the class of
optimization-based regulator tuning techniques; therefore, its
application to maintain a stable voltage level in underground
power supply systems (PSS) under dynamic conditions is well
justified. The LQR enables the achievement of the desired
DVR state while simultaneously compensating for unpredicta-
ble disturbances by determining the necessary control actions.

In addition, the LQR minimizes a quadratic error criterion
that includes terms for both state deviations and control ef-
forts. This ensures the required accuracy of voltage (state)
stabilization without abrupt changes, due to imposed con-
straints. By tuning the weighting matrices of the LQR, the
desired response to unpredictable disturbances can be
achieved without creating excessive loading on either the
DVR filter, the inverter, or the individual electrical consumer.
An analysis of power quality in the PSS of an actual under-
ground iron ore mine has shown that DVR operation in such
systems will require frequent, real-time maintenance of local
PQI — namely, voltage deviations and the range of their fluctu-
ations. If, at this time, the change in the control action is ex-
cessive, it will lead to reduced reliability of both the DVR
equipment and the specific underground electricity consumer.

In addition to the above, it is worth noting that one of the
advantages of the LQR in the context of DVR control is its
ability to operate with state-space models involving multiple
input and output variables. For the implementation of a DVR
control system with coordinate transformations, the device
model must include variables that describe the dynamics of
DVR operation, such as the voltage across the capacitor of
the LC filter and the load current, expressed in the d- and
g-coordinate axes. This renders the model inherently multi-
dimensional and thus suitable for the application of the LQR.

Additionally, the LQR enables adaptation to fluctuations
in the power grid parameters or the DVR parameters by
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continuously recalculating the quadratic error criterion with
minimal computational complexity. This is particularly im-
portant since the PSS of underground mines are prone to
unpredictable changes in load conditions or transmission line
impedance. This feature also constitutes an advantage of the
LQR over traditional ACS, which are not always capable of
adapting to variable operating conditions due to the complex-
ity of tuning or, in some cases, the complete absence of tech-
nical capability to perform such adjustments.

The selection of LQR weighting matrix values can also be
performed using optimization methods based on criteria that
ensure the desired transient performance indicators are met. In
this way, the required DVR dynamics are achieved — overshoot,
transient response time, or steady-state error are minimized.
This enables the reduction of the DVR operation influence on
transient processes in the underground mine power grid.

Thus, the application of the LQR method for DVR con-
trol under underground mine conditions is well justified.
However, for the qualitative implementation of this method
in practice, additional analysis is required to assess the im-
pact of tuning levels on transient performance during real-
time voltage stabilization.

At the same time, as demonstrated in [16], the variation of
supply voltage for underground electrical consumers is nonli-
near and stochastic in nature. This is primarily a result of the
random character of disturbances acting within the mine power
grid, a consequence of the stochastic behavior of electricity
consumers. This feature becomes more pronounced at higher
hierarchical levels of the power supply system, where the
state directly depends on the aggregate operation of the en-
terprise electrical loads — their number and operating modes.

For the voltage quality indicators of local electrical con-
sumers, the level of nonlinearity and stochasticity decreases.
Within the range of operating modes that are close to or
correspond to nominal values, the process can be linearized
and considered as an almost deterministic case.

Under such conditions, controlling a DVR without a
mechanism for adapting the control system parameters to
random disturbances is practically impossible. Therefore, a
necessary solution is to develop an adaptive control system
for the dynamic voltage restorer to provide real-time regula-
tion of the supply voltage for individual electrical consumers
in the mine under the influence of disturbances present in the
mine power supply system, as well as to assess the quality of
the system dynamic characteristics during voltage stabiliza-
tion under various operating conditions of specific electrical
consumers. This will enhance the reliability and stability of
the power distribution grid at mining enterprise.

The purpose of this research is to synthesize an adaptive
control system for a dynamic voltage restorer with real-time
regulation of its level, supplying individual electrical con-
sumers of iron ore mines under actual conditions of voltage
deviations from standardized values caused by unpredictable
disturbances in the power supply system of the mine.

2. Methods

The selection of the state weighting matrix (W) and the
input weighting matrix (W,) for the LQR controller enables
the achievement of transient performance (TP) that meets
standardized requirements. However, determining appro-
priate values for these matrices is a challenge, as it requires a
thorough understanding of the object dynamics and the con-
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trol target to be achieved. Therefore, manual tuning is practi-
cally impossible or excessively complex, making it logical to
automate this process.

In this context, the simplest option is an exhaustive
search of all possible W, and W, values, but such an ap-
proach is highly time-consuming. An alternative is an analyt-
ical method, such as Bryson’s rule [17], [18]. However, this
method also provides only a “framework™ estimation of W,
and W,, and is, therefore, typically used only to determine
initial values of the LQR matrices.

Thus, traditional methods of tuning the aforementioned pa-
rameters cannot guarantee sufficient transient performance.
This is particularly true in complex systems, such as DVRs in
underground mine PSS, where it is necessary to maintain a
balance between several transient performance indicators —
including overshoot, transient response time, and others —
while simultaneously adapting to unpredictable disturbances.

Thus, when classical approaches cannot be applied due to
various system-forming reasons, the use of population-based
optimization methods appears appropriate, such as the gene-
tic algorithm (GA), which is distinguished among them by its
simplicity and efficiency [19], [20]. The GA employs evolu-
tionary mechanisms, such as selection, crossover, and muta-
tion, to determine the extremum of highly nonlinear response
surfaces of the objective function (OF) by selecting chromo-
somes that minimize these OF values. This enables the iden-
tification of optimal LQR parameters for the DVR in the
underground mine power grid, where the relationship be-
tween Wx and Wu, as well as transient performance (TP), is
unknown and explicitly characterized as nonlinear.

When optimizing the parameters of an ACS with a multi-
dimensional state-space model, such as a DVR, the response
surface of the OF can be pretty complex. In such cases, many
local minima may exist, which the GA avoids due to its sto-
chastic mode of operation.

The GA is adapted to optimize W, and W, by defining an
OF that quantitatively evaluates TP in the system. This OF
may include key indicators such as overshoot, transient re-
sponse time, and others. By encoding the values of W, and
W, into chromosomes within a population, the GA generates
diverse sets of encoded W, and W, retaining and subsequent-
ly modifying those that provide the best compromise among
various TP indicators, while discarding those that yield un-
satisfactory results. Moreover, GAs are capable of solving
multi-criteria optimization problems, ensuring that the pro-
cess of identifying W, and W, accounts for the inherent trade-
offs that inevitably arise in achieving standardized values of
individual TP indicators.

However, implementing a GA is computationally expen-
sive. The complexity of calculations increases with the
growth of the population size and the number of generations.
Nevertheless, the capabilities of parallel computing and the
high clock frequencies of digital controllers have mitigated
the impact of this problem. Furthermore, once sets of W, and
W, values for the DVR LQR are obtained that are close to
optimal, the ACS operates as a conventionally tuned LQR
controller, without incurring additional computational costs
for executing the GA during the real-time stabilization of the
supply voltage for an underground electrical consumer.

Thus, the use of GA technology is a practical choice for
optimizing W, and W, of the DVR LQR controller. This
provides a foundation for obtaining more representative
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dynamic characteristics of the ACS with a shorter LQR tun-
ing time compared to conventional methods, such as exhaus-
tive search or Bryson’s rule, as well as other approaches.

Next, in the context of the search logic, consider a possible
form of the OF for genetic optimization of the DVR LQR.
Two approaches can be employed here. The first approach
involves the direct determination of TP indicators and their
aggregation into a single functional expression, as in [21]. The
second approach utilizes a criterion that focuses on the devia-
tion of the system output from the ACS reference, as in [22].
Such a criterion may be the integral absolute error (IAE).

The first approach, which involves the use of a genera-
lized OF, requires extensive computations, thereby reducing
its feasibility for real-time systems.

The second type of OF, namely the TAE criterion, mini-
mizes the total error — the difference between the DVR out-
put and the ACS reference (without separating steady-state
and transient errors, or explicitly determining overshoot,
transient response time, etc.). This method consistently and
efficiently searches for the OF extremum and is proposed for
application in this work.

3. Results and discussion

3.1. Formulation of the control problem for a dynamic
voltage restorer using a linear-quadratic regulator

The dynamic voltage restorer (DVR) (Fig. 1) comprises
several key components that enable its operation in compen-
sating voltage deviations from standardized values in the
analysed electrical grid. In the circuit, an abstracted electrical
consumer with motor M1 is protected from voltage devia-
tions of varying magnitudes by the DVR device.

Mine power grid

%n

4%
T

Scraper winch

M,

Figure 1. Functional control circuit of the dynamic voltage restorer
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To compensate for voltage deviations, the DVR utilizes
an energy storage system, which can comprise battery banks,
supercapacitors, or similar devices. The stored energy is used
to generate a compensating voltage that is added to the grid
voltage, restoring it to its nominal level when it deviates
from the standardized value. In the circuit, the storage ele-
ment is represented by capacitor C.

The core of the DVR is a power converter, typically
implemented based on a semiconductor inverter with
pulse-width modulation (PWM). In the circuit (Fig. 1), the
inverter is represented as a three-phase bridge with IGBT
transistors VT1 through VT6. The device also includes
matching transformers T1-T3, which provide galvanic
isolation between the DVR and the grid, as well as voltage
scaling, thereby increasing the level of the compensating
voltage to the required value to maintain the desired
supply voltage.

An essential element of the DVR is the filtering sys-
tem, which eliminates high-frequency components gener-
ated during inverter operation, preventing their propaga-
tion into the grid. Typically, it is implemented using pas-
sive filters. Figure 1 illustrates the most common filter
configuration, specifically a three-phase LC filter com-
prising elements LyCr, LpCrs, and LwCrc. The cutoff
frequency of the filter is selected during the DVR design
stage, depending on the topology of the semiconductor
voltage-source inverter.

The operation of the DVR is coordinated by the ACS,
which includes measuring instruments for real-time monitor-
ing of grid voltage parameters, as well as a regulator that,
according to a specified algorithm, controls the IGBT transis-
tors of the inverter to generate the appropriate compensating
voltage waveform added to the grid voltage.

Figure 1 shows the basic control circuit of the DVR
based on coordinate converters, which operates as follows.
The measured three-phase grid voltage ug4, Ugs, Ugc is trans-
formed into a two-phase system ugq, ugs and then into a
two-phase system ugq, Ug, by applying the Park transfor-
mation. To determine the rotation angle of the system dg, a
phase-locked loop (PLL) is employed. Next, summators
determine the difference between the current grid voltage
Ugd, Ugq and the reference normalized values g, Urgq. The
resulting values u,c* and u,cr™ serve as reference signals
for the ACS of the inverter. The u,cu* and u,cy* are then
compared with the values of the voltage transformed into
the system dq, denoted as wucp, ucm, and ucqe, which are
measured across the capacitors of the LC filter, i.e., ucu,
ucp. These voltages represent the controlled variable of the
system. The difference between the reference and the
measured filter voltages is fed to the regulator (R).
The control algorithm of the regulator may vary, ranging
from a classical PI or PID controller to a fuzzy logic con-
troller. The regulator then generates reference values
Uias Uip — Uidref, UiBref; Uicrer fOr the pulse-width modulator
(PWM), which controls the IGBT transistors of the inverter.

The DVR model can be represented in the state-space
form [23], [24]:

{x' = Ax+ Bu+ B,d;

1
y=Cx+Du+D,d, o
where:
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The state-space model of the DVR is characterized by the
following parameters: Cr=47 uF, L;=0.5mH, Rr=1Q.
They are determined under the assumption that individual
voltage stabilization is applied for a typical electrical con-
sumer in an underground mine — specifically, a scraper winch
of the LS-30 type (rated power — 30 kW).

To achieve high-quality TP of the DVR as a dynamic
system (1)-(2), such as minimal overshoot and reduced tran-
sient response time, it is necessary to implement the follo-
wing form of control:
u=—Kx. 3)

The ACS scheme of the DVR with state-feedback LQR is
presented in Figure 2. In the diagram, the object — the state-
space model — is marked in yellow, while the control block is
marked in red. The LQR, using specific weighting matrices

Ucp

u
W, and W,, together with the state data 1, the input
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Figure 2. Block diagram of a dynamic voltage restorer control
system with a linear-quadratic regulator
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In such an ACS with an LQR, obtaining the desired con-
trol requires minimization of the following functional:

J= [ (Wx(e) " ()W)t 4)

where:
W, — the state variable weighting matrix is symmetric
and positive semi-definite, k x k;
W, — the control weighting matrix is symmetric and posi-
tive definite, n X n.
To solve the optimization problem, the Hamiltonian func-
tion is defined as:

H=x"Wx+u'Wu+A(Ax+Bu), (5)

where:

A(t) — Lagrange multiplier.

The necessary conditions for obtaining the optimal solu-
tion are as follows:

The equation with the Lagrange multiplier is:

: OoH
At)=——=-0x-A"1. 6
()=-—-=-0 (©6)
The equation of optimal control is:
H
a—=2Wuu+BT/1=0. @)
ou
From which:
1
u=-"W'B'A. ®)
The solution is then obtained by solving the Algebraic
Riccati Equation (ARE).
Assume that the optimization functional has a quadratic form:
V(x) =x"Sx, 9
where:

S — symmetric positive definite matrix.
Lagrange multiplier:

A= v =28x. (10)
Ox
Substituting into (3):
u=-w"'B"Sx. (11)
The equation of the closed-loop system takes the form:
dx
Z=(A—BWM 'B'S)x. (12)
Substituting into Equation (10):
28(A4-BW,'B"S)x=-0x— 4" (28x). (13)

Eliminating x:
SA+A"S-SBW'B'S+0=0. (14)

By interchanging the first and second terms, we obtain
the ARE:

A"S+SA-SBW'B'S+0=0. (15)

The solution of the ARE (15) yields the matrix S, through
which the optimal state-feedback gain matrix is determined:

K=w'B'S, (16)

which gives the optimal control law:
u=-Kx=W"'B"Sx. (17)
Randomly assign values to the state variable weighting
matrix and the control weighting matrix:
400 0 0 O
| 0 400 0 O] (15 0
Lo 0 10 0 "{0 15}'
0 0 0 10
The solution to the ARE is (15):
[0.036141 0 0.002183 0
0 0.036141 0 0.002183
S = . (19)
0.002183 0 0.004591 0
0 0.002183 0 0.004591

(18)

Poles:

(—5.818766+4.905226/)-10°
(—5.818766—4.905226j)-10°
(—5.818766+4.2769077 j)-10°
(—5.818766—4.2769077/)-10°

State-feedback gain matrix:

4.81877 0 0.290994 0
{ 0 4.81877 0 2.290994} ’
Table 1 and Figure 3 present the numerical characteristics

of the transient performance indicators and the transient
response itself in the closed-loop system.

(20)

e2y)

Table 1. Performance of the closed-loop system of the dynamic
voltage restorer with matrices (18)

Transient Time. s Overshoot, Time. s Overshoot,
characteristics i % ’ %
Input / Output Uck ucy

Uid 0.00049 1.795 0.001 7.789
Uig 0.001 7.789 0.00049 1.795
iLd 0.00066 2.695 0.00093 16.35
iLg 0.00093 16.35 0.00066 2.695

As the obtained results indicate, the DVR system exhibits
overshoot, and the transient response time is pretty signifi-
cant. Then, perform the tuning of the LQR by determining
the optimal values of the weighting matrices using a genetic
algorithm. Subsequently, the synthesis of the adaptive con-
trol algorithm is carried out.

3.2. Development of an adaptive control algorithm
for the dynamic voltage restorer

Figure 4 illustrates the simplified structure of the DVR
ACS, which utilizes the LQR tuned by the GA, the adaptive
control algorithm developed for this purpose. The blocks
used for the evolutionary optimization of the LQR are
marked in green: the “Objective Function” block, which
computes the OF value, and the “GA” block, which imple-
ments the algorithm for minimizing the OF. The data trans-
mission channels used to determine the control actions of the
regulator (17), as shown in Figure 2, are not depicted in this
diagram. During optimization, the GA selects chromosomes
with lower TAE values. This creates a high probability that
subsequent generations will yield W, and W, for the LQR
with improved accuracy.
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Figure 3. Transient response in the closed-loop system with a
linear-quadratic regulator using matrices (18) under a
unit step function: (a) channel “inverter voltage d — fil-
ter capacitor voltage”; (b) channel “inverter voltage q —
filter capacitor voltage”; (c¢) channel “load current d —
filter capacitor voltage”; (d) channel “load current q —
filter capacitor voltage”

Ucy
Ucy,
iLr ” {“('m:|
l'LM Ucyy
@ »
s
K |
GA LQR I
_____ ___Z,
' |
! [
*
= Hows W |
X | |
' [
e e -
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Figure 4. Block diagram of a dynamic voltage restorer control
system with a linear-quadratic regulator tuned by a
genetic algorithm

Figure 5. Block diagram of the DVR control algorithm
with an LQR tuned by a GA. In the first step, the parameters
of the equivalent circuit of the DVR are defined: active
resistance Ry, inductance Ly, capacitance Cj frequency f, and
angular frequency wo=2zf. These parameters determine the
electrical properties of the system for real-time voltage stabi-
lization of the mine electrical consumer. Based on them, the
mathematical model of the DVR is constructed.
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Figure 5. Control algorithm of the dynamic voltage restorer with a
linear-quadratic regulator tuned by a genetic algorithm

Next, the state-space model of the DVR is initialized,
represented by the matrices 4, B, B4, C, and D.

In the next step, the parameters of the genetic algorithm
used to optimize the weighting matrices of the LQR are de-
fined: population size (N,) — specifies the number of possible
solutions in each generation; mutation rate (R,;) — determines
the intensity of changes in the selected chromosomes; and
number of generations (N,) — defines how many cycles the
algorithm will execute before termination.

The boundary value of the IAE (/AEmax) is also defined:

3= e ot e 0t e 0|

0
where:

ei =r;—y; — the difference between the DVR output and
the LQR controller reference;

T — control duration.

After that, the initial population of weighting matrices W
and W, for the DVR LQR controller is generated within the
defined boundaries. W, and W, are filled with random values.
This enables the identification of various starting points
within the OF landscape, thereby accelerating the optimiza-
tion of the LQR. Next, each set of W, and W, in the popula-
tion is encoded as chromosomes containing the values of all
diagonal elements of the LQR weighting matrices. This is
required for the operation of the GA, since selection, crosso-
ver, and mutation are applied only to chromosomes.

At this point, the main loop of the algorithm begins. Ini-
tially, for each set of W, and W,, the feedback gain matrix K
is computed by solving the ARE. After that, the closed-loop
DVR system is simulated, where the control actions are
determined using the obtained matrix K, allowing for the

(22)
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evaluation of DVR behavior when applying the LQR with
the identified W, and W,.

Following the simulation, the IAE is calculated, which
quantitatively assesses the quality of the obtained solution.

The obtained IAE value is compared with the boundary
IAE. If the solution satisfies the condition, the GA termi-
nates, and the current values of W, and W, are considered
optimal. Otherwise, the optimization continues.

If the TAE is smaller than that obtained in previous
cycles of the algorithm, the current IAE and the corre-
sponding LQR weighting matrices Wy and W, are retained.
The population then evolves: the GA selects the best solu-
tions for the LQR. Chromosomes with lower IAE values
have a higher probability of crossover.

Subsequently, crossover is performed: two parent chro-
mosomes, each encoding a set of LQR matrices, exchange
segments, thereby generating new solutions. Various crosso-
ver techniques can be employed to ensure high-quality re-
combination of the parent chromosomes.

The final step in the GA cycle is mutation. A random al-
teration of chromosome elements is performed, preserving
the diversity of the LQR weighting matrix population and
preventing the GA from prematurely terminating in a local
minimum of the OF.

The GA cycle is repeated until either the maximum num-
ber of generations is reached or the optimal values of W, and
W, for the DVR LQR are found, ensuring the minimum IAE.

The DVR LQR controller is optimized using the algo-
rithm shown in Figure 5. For configuring the GA, set the
number of chromosomes to N, =40, the probabilities of
crossover and mutation to 80%, and the number of chromo-
somes transferred to the next generation without crossover
and mutation to 20%. Since Wy and W, consist of real num-
bers, it is appropriate to apply an arithmetic crossover meth-
od of the following form:

O=yR+(1-y)E,.
where O — offspring chromosome;

Py, P, — parent chromosomes;
w — crossover coefficient of the parent chromosomes.

(23)

3.3. Simulation of the closed-loop control system of the
dynamic voltage restorer using a genetic algorithm

Based on [25]-[27], the mutation rate has a decisive influ-
ence on the speed of OF minimization when applying the GA.
Therefore, consider several variations of mutation rate values
for the W, (Ruwx) matrix and the W, (R.w.) matrix. Initially,
they are set to the following values: Rynx =4 and Ry = 1.

As the termination condition of the GA, we define the
completion of a specified number of evolutionary genera-
tions. For the simulation, assume N, = 200.

After running the GA with optimization according to cri-
terion (22), W, and W, were determined:

(22673 0 0 0
0 44046 0 0
W, = ;
0 0 33249 0
(24)
|0 0 0  246.66
(0.1 0
W, = .
10 0.1
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The state-feedback matrix, obtained from the solution
of the ARE in accordance with the LQR weighting matrices
W, and W, (24):

K - 57.94017 0.07846 56.6665 0.17039 (25)
7 10.078459 37.43409 0.24499 48.67799 |

Figure 6 illustrates the process of evolutionary search for

the optimal W, and W, of the DVR LQR.
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Figure 6. Variation of the integral absolute error during evolu-
tionary optimization of the linear-quadratic regulator

(genetic algorithm parameters Rmwx = 4 and Rmwu = 1)

As can be observed, the minimization is initially quite in-
tensive, but after approximately the 25" generation, it pro-
ceeds more smoothly. According to the graph, after 200
generations, the optimal values of W, and W, were not yet
determined, and the search would continue.

Table 2 and Figure 7 present the numerical characteristics
of the transient performance indicators and the transient re-
sponse in the closed-loop system with the LQR using the val-
ues of W, and W, obtained at the 200" generation of the GA.

Table 2. Performance of the optimized linear-quadratic regulator
of dynamic voltage restorer (genetic algorithm parame-
ters Rmwx =4 and Ruwu = 1)

Transient Time. s Overshoot, Time. s Overshoot,
characteristics i % i %
Input / Output uck ucy

Uid 0.1598:1073 0 0.2231-10%  3.6973
Uig 0.1611-10%  1.2723  0.2091-103  3.2766
iLd 0.1502-1073 0 02174103  4.1863
iLg 0.2148:10% 3.6917 0.1878-1073 4.995

Considering transient response time as a TP indicator, the
LQR optimized by the GA demonstrates a significant accelera-
tion in the transition between steady states compared with the
non-tuned system. The most significant reduction in transient
response time was observed for channel ui,—ucu, by 97%,
while the most minor reduction — 93.19% was recorded for
channel wuj; — ucy. When compared with the indicators of the
closed-loop DVR system with the LQR, where W, and W,
were assigned randomly (Table 1), a reduction in transient
response time is also observed. Once again, the most signifi-
cant and minor accelerations of the transient response occurred
for the channels linking the DVR inverter voltage with the
voltage across the LC filter capacitor, namely u;, — ucw and
uiq — ucpy — for which the reductions in transient response time
amounted to 83.89% and 57.33%, respectively. For the other
channels, the transient response time decreased by 76-77%.
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Figure 7. Transients in the closed-loop system with optimized
linear-quadratic regulator (genetic algorithm parame-
ters Rmwx =4 and Ruwu = 1): (a) channel “inverter vol-
tage d — filter capacitor voltage”; (b) channel “inverter
voltage q — filter capacitor voltage”; (c) channel “load
current d — filter capacitor voltage”; (d) channel “load
current q — filter capacitor voltage”

As can be seen from Table 2, overshoot is completely ab-

sent for channels uis— ucu and irg — ucu, and where it does
occur, its value does not exceed the standardized limit of 5%.
When compared with the indicators of the closed-loop DVR
system with randomly tuned weighting matrices of the LQR
(Table 1), a reduction in overshoot was also observed in the
system with the GA-optimized LQR for channels other than
uiq — ucsy and iy — ucw. Specifically, for uis— ucy, the reduc-
tion amounted to 52.53%, for wi, —ucu — 83.67%, for irq—
ucy — 74.39%, and for iz, — ucu — 77.42%. Of course, chan-
nels without regulation, such as wujs— ucu and irg —ucpu are
not mentioned here. For the aforementioned wu;, —ucy and
irg — Uc, no reduction occurred. Overshoot for wui, — ucy in
the non-optimized GA control system was 3.2766% com-
pared to 1.795% in the optimized one, while for iz, — ucpw it
was 4.995% versus 2.695%, respectively.

Thus, overall, the optimization of the weighting matrices
using the GA has a positive effect on the operation of the
closed-loop ACS with the LQR. Then, perform simulations
with slightly different GA parameters and compare the
obtained results.

Reduce the mutation rates of the LQR weighting matrices
by half, specifically to the values Rywx = 2 and Ry, = 0.5.

Weighting matrices of state variables and control actions:

[127.75 0 0 0
0 258.62 0 0
W, = :
0 0 392.27 0
(26)
| 0 0 0 459.42
[0.1122 0
W, = }
| 0 0.1

Optimized state-feedback matrix:
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T 1-0.04052  37.43409

14986778 —0.04052 62.31003
» —0.11372  66.7858

—0.13744}. @7

Figure 8 shows that in this case also, after 200 generations,
the optimal values of W, and W, were not determined, and the
evolutionary search for the DVR LQR tuning would continue.
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Figure 8. Variation of the integral absolute error during evolu-

tionary optimization of the linear-quadratic regulator

(genetic  algorithm  parameters Ruwwx=2  and

Ruwu = 0.5): first model run

Analyzing the data from Table 3 regarding transient re-
sponse time, it can be stated that acceleration occurs when
compared with the results of the closed-loop system with
both the non-optimized LQR controller (Table 1) and the
optimized LQR controller (Table 2).

Table 3. Performance of the optimized linear-quadratic regulator
of dynamic voltage restorer (genetic algorithm parame-
ters Rmwx = 2 and Rmwu = 0.5): first model run

Transient Time. s Overshoot, Time. s Overshoot,
characteristics ’ % ’ %
Input / Output Ucki ucy

Uid 0.1148-10%  0.3689  0.1595-10°  0.0853
Uig 0.1494-10%  0.2184  0.1458:1073 0
iLd 0.092:10°3 0.5259  0.1369-103  0.2482
iLg 0.1375-10%  0.2748  0.1291-1073 0

We compare only with the latter case, as it demonstrated
the lowest transient response time across all channels among
the three systems considered. The most significant reduction
in transient response time was 38.74 and 37.03% for chan-
nels irqg — ucu and irg — ucyy, respectively.

The most minor reduction was 7.26% for channel
Uig — UCrd, for channels Uid — UCfd, Uid — UCfg, Uig — UCSy, iLq — Ucm
and irg—ucy the reduction in transient response time
amounted to 28.16, 28.5, 30.27, 35.96, and 31.26%, respec-
tively. Thus, the duration of the transition between steady-
state values is very short (Fig. 9).

Analyzing the data on overshoot (Table 2), it can be seen
that for channels wu;; —ucy and i, —ucy it is absent. In all
other channels, according to the state-space model of the
DVR, this indicator does not exceed 1%, representing the
optimal ACS configuration among all those obtained. Com-
paring the results with the non-optimized system (Table 1),
in the GA-optimized system, a slight overshoot appeared in
channels uis — ucw and ira — ucu, while for channels s — ucy,
Uig — Uch, ird—Ucy and iy —ucw it was reduced by 97.69,
82.83,94.07, and 92.56%, respectively.
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Figure 9. Transients in the closed-loop system with optimized
linear-quadratic regulator (genetic algorithm parame-
ters Rmwx =2 and Ruwy = 0.5) during first model run:
(a) channel “inverter voltage d — filter capacitor voltage”;
(b) channel “inverter voltage q — filter capacitor voltage”;
(c) channel “load current d — filter capacitor voltage”;
(d) channel “load current q — filter capacitor voltage”

Perform another simulation of the evolutionary search for
the optimal values of W, and W, of the DVR LQR with GA
settings Ry = 2 and Ry = 0.5.

Weighting matrices of state variables and control actions:

[192.97 0 0 0
0 212.1096 0 0
W, = ;
0 0 377.28 0
(28)
| 0 0 0 405.03
0.1 0
w, = .
| 0 0.1
Optimized state-feedback matrix:
5571405 —0.00841 60.4317 —0.030759 29)
71 -0.00841 57.7798 —0.02999  62.64937 |

Examining the graph (Fig. 10), it is evident that the
evolutionary search for the values of W, and W, proceeds
quite intensively. Still, after approximately the 60 genera-
tion, it begins to progress more smoothly. From the 140"
generation onward, the TAE value practically no longer
changes, meaning that optimal DVR LQR settings
were found before reaching the maximum number of gene-
rations in this simulation.

Table 4 and Figure 11 present the numerical characteris-
tics of the transient performance indicators and the transient
response in the closed-loop system.

The data from Table 4 show that in this simulation,
the transient response time increased compared to the
previous case (Table 3). Still, it remains relatively
low when compared to the non-optimized GA closed-loop
system. Such an LQR controller can be applied in the
control of the DVR.
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Figure 10. Variation of the integral absolute error during evolu-
tionary optimization of the linear-quadratic regulator
(genetic  algorithm  parameters Rmwwx=2 and
Rumwu = 0.5): second model run

Table 4. Performance of the optimized linear-quadratic regulator
of dynamic voltage restorer (genetic algorithm parame-
ters Ruwwx = 2 and Rumwu = 0.5): second model run

Transient Time. s Overshoot, Time. s Overshoot,
characteristics ’ % ’ %
Input / Output ucr ucy

Uid 0.1386-10" 0 0.1735-10 0
Uig 0.1824-10 0 0.1395-10° 0.0058
iLd 0.1283-10 0 0.169-1073 0
iLg 0.1711-10° 0 0.1205-10°3 0.0008
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Figure 11. Transients in the closed-loop system with optimized
linear-quadratic regulator (genetic algorithm parame-
ters Ruwwx=2 and Rmwwu =0.5) during second model
run: (a) channel “inverter voltage d — filter capacitor
voltage”; (b) channel “inverter voltage q — filter ca-
pacitor voltage”; (c) channel “load current d — filter
capacitor voltage”; (d) channel “load current q — fil-
ter capacitor voltage”

In this simulation, overshoot is completely absent for the
following channels: uq— Ucsd, Uid — UCsy, Wig— UChl, iLd — UCH,
ira—ucy and irg —ucm. For the channel wi, —ucy, it tends
toward zero and amounts to only 0.0058%. For channel i, —
ucyy, the overshoot is even more minor at 0.0008%, meaning
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that overall it does not exceed the limits observed for most
values in the previous simulation (Table 4).

The control system with the LQR regulator, employing
weighting matrices of the form (28) and the state-feed-
back matrix (29), proves to be the best option among
all the systems considered earlier. However, as previously
noted, a steady-state error arises; therefore, in the
final version of the ACS, a corrective element must be
introduced to bring the system outputs along the d and ¢
axes to the required levels.

The discrepancy in the results of the two simulations with
identical GA settings can be attributed to the random nature
of initial population generation. Nevertheless, it is also evi-
dent that in both cases the GA converges to the range where
the OF attains its minimum values.

4. Conclusions

In this work, based on the presence of time-stable vol-
tage deviations from standardized values in the power sup-
ply systems of underground mines — deviations that exhibit
nonlinear and stochastic characteristics — an adaptive con-
trol system for regulating the supply voltage of individual
electrical consumers was developed. To implement the
control process, the device operation is considered at a
specific operating point, after which the obtained linear
model is subjected to the linear-quadratic regulation meth-
od. At the same time, in the case of significant deviations
from the operating point, the regulator parameters are re-
tuned by an adaptive heuristic algorithm based on the eva-
luation of the actual characteristics of voltage deviations in
both steady-state and dynamic modes.

In fact, the regulator is an optimization-type controller,
and its parameters — the state and input weighting matrices —
can be determined automatically. The operation of the linear-
quadratic regulator was tested in a simulation format with
randomly assigned weighting matrices. The results con-
firmed that it guarantees improved transient performance;
however, the controller itself requires additional tuning.

The use of a genetic algorithm for optimizing the parame-
ters of the linear-quadratic regulator is substantiated, as it
enables the automated determination of its state and input
weighting matrices. An analysis of the applicability of vari-
ous objective functions in optimizing the dynamic voltage
restorer controller confirmed the advisability of employing
the integral absolute error, which is justified by the simplici-
ty and generality of this indicator, as it accounts for both
overshoot and transient response time.

The optimization of the state and input weighting matri-
ces of the linear-quadratic regulator was performed using a
genetic algorithm. An analysis was conducted to examine the
influence of algorithm parameters, such as the mutation in-
tensity of the controller parameters, on the quality of the
evolutionary search. It was determined that a mutation inten-
sity of 2 for the state matrix and 0.5 for the input matrix over
200 generations of the genetic algorithm ensures the best
transient performance in the dynamic voltage restorer control
channels, with a minimum integral absolute error value
approaching 0.03 V. At the same time, overshoot is practical-
ly absent in all control channels, and the transient response
time, when compared with the non-tuned system, is reduced
by no less than 95%.
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AanTuBHE KEpPYBaHHS HANPYTOI0 KUBJIEHHS eJIEKTPoNpuiiMaviB mii3eMHUX PyAHUKIB
O. Ciruyk, O. Muxaiinenko, 1. Cinayk, M. Kotskosa, B. bapanoscrkuii, M. bapanoBcbka

Mera cratTi nossirae y po3po01ii aBTOMaTH30BaHOI CHCTEMH cTabumi3amnii HalpyTy XKUBJICHHS 1HIUBIyaJbHUX eJIEKTPOIPHIHMAYiB 3ali-
30pYyJHUX IIAXT NpH ii BiIXWICHH] BiJl CTAHAAPTH30BaHUX 3HAUCHB, 110 3yMOBJICHI HENPOTHO30BaHUMH 30YPEHHSIMH y BHYTPIIIHBOPYAHHKO-
BUX CHUCTEMaX €JIEeKTPOIIOCTaYaHHsI.

Metoauxa. /15 onepaTuBHOI cTadiii3amii HAMPYTH KUBJICHHS IAXTHUX EIEKTPONPUIMAdiB BUKOPUCTOBYBABCS TUHAMIYHHUIT BiHOJIIO-
Ba4 HanpyTru. ba3oBa cuctemMa KepyBaHHA TUHAMIYHUM BiJHOBIIOBaYEeM HANPYTH PO3pOOIISIIacs 3 BUKOPUCTAHHAM METOMIB Teopii KepyBaH-
HS, SIK-TO JHIHHO-KBaIpaTHYHOTO peryiroBaHHs. [ amamrarmii JTiHIHHO-KBAJPAaTHYHOTO PETyJATOpa A0 Iii HEMPOTHO30BaHUX 30YpeHb
3aCTOCOBYBAIIMCA METOAM €BPUCTHYHOI ONTHMI3amii. Y SKOCTI KpUTEPil0 MPUHHATO iHTErpaibHy aOCONIOTHY MOXHOKY KepyBaHHA. Jlist
MepeBipKU SIKOCTI MepexXiJHUX TPOoIeciB mpu crabimizauii Hampyru 3 BUKOPUCTAHHSIM 3alPOIIOHOBAHOI CHCTEMH 3aCTOCOBYBAaBCS METOJ
YHCENBHOTO aHATI3Y.

Pe3yabTaTtn. Po3po6iieHo aganTuBHy cUCTEMy KepyBaHHs JTHHAMiYHUM BiJJHOBJIIOBAaueM HAINPYyTH JUIs ONlepaTHUBHOI cTabiiizawil Hanpy-
T )KUBJICHHSI 1HANBIIyalbHUX €IEKTPOIPHHMAaYiB 3ali30pyAHUX IIaXT. BU3HAYEHO ONTHMANBHI TapaMeTpH TeHETHYHOTO aJrOPUTMY, SIK-TO,
PO3Mip HMOMyYJIALIi, IHTEHCHBHOCTI MyTAaIliif BATOBUX MaTpPHUIlb CTAHY i KepyBaHHA JIIHIIHOTO KBaJIpaTHYHOTO PETYIATOPA, IO 3a0e3MeIyI0Th
MiHIMaJlbHE 3HAYCHHS 1HTErpajibHOI MOXUOKU KepyBaHHS, i, y HACTIIKY, BiACYTHICTb Nepepery IloBaHHs (HasBHI MepeperyIOBaHHS CTaHO-
B Ha Gibire 0.058%) Ta cyTTeBe 3MEHIIEHHS Jacy MepexigHoro mpoiecy (10 95%) mopiBHSHO 3 HEONTHMI30BaHOIO CHCTEMOIO.

HayxoBa HoBM3HA. Briepiiie 3anpornoHOBaHO METOIMKY aBTOMATH30BAHOTO 3IaTHBHOTO HAJAIITYBAHH JiHIHHO-KBapaTHYHOTO pery-
JSTOpa JUHAMIYHOTO BiTHOBIIIOBAaYa HAMPYTH JUI KOMIEHCAIl KONMBaHb HANIPYTH B €IEKTPOMEpexkax MiJI3eMHUX PYIHHKIB 3 BUKOPHCTAH-
HSIM T€HETHYHOTO aJITOPUTMY, SIKUH Yepe3 BUKOPUCTAHHs iHTErpajbHOi aOCONIOTHOT MOXHUOKH SIK YHIBEPCAIBHOTO KPUTEPIIO SIKOCTI PEeryJro-
BaHHS IPH ONTHUMAIBHUX MapaMeTpax eBOJIOLIHHOTO IMOIIYKY, T03BOJIMB 3a0€3MeUNTH BiZICyTHICTh IIepeperyIFOBaHHs Ta CKOPOUCHHS 4acy
MePEXiHOTO MPOIIeCy.

IpakTnuna 3HaynMicTs. OTpUMaHi pe3yIbTaTH MOXYTh OyTH BUKOPHCTaHI IPH po3poOmi BOYJOBAaHOTO IPOTPAMHOTO 3a0e3MeUeHHS
U1t UGPOBHX NPHCTPOIB KePyBaHHS JMHAMIYHHM BiJHOBIIIOBauYeM HAIpPYTH, 110 3a0€3MeYyI0Th KOMIICHCAIII0 KONHUBaHb HATIPYTH B PEXKUMI
peanbHOTO Yacy, MiIBUILYIOUH SKICTh €IeKTPOIOCTaYaHHS [IAXTHHX CIIOKUBAUiB ICKTPOCHEPTII.

Knrouosi cnosa: waxma, cucmema eiekmponoCmayaHHs, KepyeaHHs HANPY20l, OUHAMIYHULL BIOHOGNIO8AY HANpYeU, JIHIHO-
K8aopamuyHuil pecynamop, 2eHemudHul anzopumm
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