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Abstract. The growing number of distributed renewable energy sources and dynamic constant-power loads (e.g. electric vehicle charging
stations) pose new challenges for network operators. These changes result in alterations to network load profiles and load flows, leading to greater
voltage volatility. One effective solution to these problems can be the use of automatic voltage regulators (AVRs), which stabilize and symmetrize
voltage output, whether at distribution transformers (DTs) or elsewhere in the distribution network. The device developed by the authors consists
of two bidirectional power converters and three single-phase transformers connected in series to the low-voltage grid as a stabilizer. The proposed
control system provides accurate and fast regulation of the AVR output voltage (within the range of +10% of the nominal grid voltage), with each
phase being independently adjusted, regardless of the type of power load. The article includes test results demonstrating selected functionalities
of the developed AVR. The physical model of the device discussed in the article is a research component of the LINTE? laboratory of the Gdarisk
University of Technology.
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1. INTRODUCTION

The operating conditions of the power distribution grid have
changed in recent years. The number of loads with constant
power demand has increased [1, 2]. For such electrical equip-
ment, a decrease in the supply voltage causes an increase in cur-
rent consumption, exacerbating voltage drop in the power line.
On the other hand, the growing number of renewable genera-
tion systems connected to distribution grids can cause problems
with excessively high voltage in the power grid. Additionally,
renewable energy is characterized by high variability of energy
generation depending on weather conditions [3,4]. As a result,
the power flow in distribution grids becomes more complicated,
making it more difficult to maintain supply voltage within ac-
ceptable limits [5, 6].

A common method of maintaining an appropriate voltage
level in the distribution grid is through on-load tap changing
of the transformers [6]. This is typically achieved using elec-
tromechanical tap changers, which have drawbacks such as poor
dynamics, arcing and high operation costs [7-9]. Thyristor tap
changers can improve the dynamic of voltage control, but at the
cost of additional conduction losses and the output voltage can
still be changed discretely [5,9].

Smooth and fast regulation of voltage and current in the dis-
tribution network is enabled by power electronics transformers
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(or solid-state transformers (SST)) [10-12]. However, their sig-
nificantly higher price and lower reliability mean that they have
not been widely used in distribution networks [8, 13].

In recent years, alongside SST, various types of power elec-
tronic systems have been developed to compensate and im-
prove voltage quality in AC transmission networks (flexible AC
transmission systems (FACTS)) and distribution grids (Custom
Power Devices (CPD)) [14]. The AVR presented in the article
is the most similar in terms of topology and functional features
to the unified power flow controller (UPFC) [14-16], unified
power quality conditioner (UPQC) [17-19], and particularly the
hybrid distribution transformer (HDT) [5, 7, 8,20-22].

The UPFC can independently control voltage, phase angle
and impedance in the transmission line. These tasks are usu-
ally carried out in the fundamental harmonic domain [14]. The
UPQC is used in the distribution grid mainly to provide si-
nusoidal balanced voltage to the load and simultaneously to
ensure the flow of sinusoidal and symmetrical currents from the
source, irrespective of distortion or unbalance on the load or
source side [17].

The power electronic system of HDT combines the function-
alities of the aforementioned devices, with characteristic fea-
tures including close integration with DT and low-rated power,
typically between 10% and 20% of the distribution transformer.
Therefore, the losses of the converter slightly deteriorate the
HDT efficiency [5,7, 8].

This paper presents an automatic voltage regulator based on a
back-to-back converter system and a series transformers. It was
designed to symmetrize and regulate voltages in distribution
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network feeding station, but it is feasible to install it at any point
in the distribution grid, e.g. at sensitive loads or at places of line
cross-section change.

The literature describes many different control methods for
systems such as AVR; a brief overview is contained in [17].
The two most common control techniques are the instantaneous
active and reactive power method and the synchronous refer-
ence frame method. The latter was used to control the AC/DC
converter. The DC/AC converter control system consists of three
independent phase voltage controllers with the amplitude limita-
tion function and suppression of series transformers saturation,
which are the original authors’ proposition.

The industrial partner’s market analysis shows that there is a
demand for two variants of AVR:

e Basic, allowing symmetrization and regulation of output
voltages within +10% of the nominal grid voltage.

o Configurable, realizing the functions of the basic version and
additionally: compensation of distortions of output voltages
and input currents of AVR, symmetrization of input currents
or reactive power compensation. The second version is usu-
ally connected with additional AVR upgrade and increased
costs of the device as well as longer implementation time.

The results of the conducted research, which are presented in
the paper, are for the basic version of AVR.

The novelty of the paper is the output voltage controller for
the AVR system. It provides several functionalities that address
the following issues:

1. Regulation of output voltages — the output voltages of the
AVR system are regulated quickly, accurately and indepen-
dently in each phase. If the reference phase voltages are
symmetrical, the AVR naturally balances the output voltages
(both magnitude and phase of the fundamental harmonic).
The adjustment range is limited by the parameters of single-
phase series transformers.

2. Limiting of the sinusoidal series voltages without distortions
— the algorithm is based on the estimation of the AVR input
voltage amplitudes by recursive discrete Fourier transform.

3. Resonance suppression of LC output filters — active damping
with VSI output currents feedback is used.

4. Preventing core saturation of series transformers during nor-
mal operation — the controller algorithm adjusts the DC
components of the VSI output currents.

Although the implemented controller functionalities are well
known, their synthesis is the novelty of the paper.

Moreover, the extensive laboratory tests of the AVR system
are described. They present the performance of the proposed
AVR under various operational scenarios and can provide a
reference for designing and optimizing other control algorithms
of AVRs.

2. CHARACTERISTICS OF A PROPOSED AVR
LABORATORY MODEL

Anillustrative diagram of a laboratory model of a AVR is shown
in Fig. 1 and the laboratory model is presented in Fig. 2.

The AVR was implemented as a combination of two bidirec-
tional converters AC/DC and DC/AC with a common DC-link

Fig. 2. Laboratory model of the automatic voltage regulator:
(a) AC/DC/AC converter; (b) AVR controller; (c) converters pas-
sive filters; (d) electrical switching devices; (e) series transformers

circuit containing a Cq. capacitor. The DC/AC converter con-
sists of three single-phase voltage inverters coupled through LC
filters with primary windings of single-phase transformers Trsg.
Their secondary windings are connected in series with the power
lines. The DC/AC converter is powered by a three-phase inverter
connected via an LCL filter to the low-voltage side of the dis-
tribution transformer. Table 1 summarizes the basic parameters
of the AVR and supply system components.
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Table 1
Basic parameters of a distribution transformer and automatic voltage
regulator
Description Value ‘

Nominal phase voltage of power grid (Up) 230.94 V
Nominal frequency of power grid (fp) 50 Hz
Voltage regulation range of AVR +10% Uy
Apparent power of the distribution transformer 50 KVA
Trg (Ssn)
Phase-to-phase voltage of primary side of trans-

400V
former Trg (Usn)
Phase-to-phase voltage of secondary side of trans-

400 V
former Trg (Uspy)
Nominal current of DT (1) 722 A
Apparent power of series transformer Trsg (Ssgp,) 2 kVA
Phase voltage of primary side of transformer Trgg

230V
(UsEin)
Phase voltage of secondary side of transformer

23V
Trsg (Usg2n)
Series transformer Trgg ratio (Ngg) 10
DC link voltage (Uqc) 700 V
DC link capacitance (Cqc) 2mF
Inductance of LCL filter (L) 6 mH
Inductance of LCL filter (L) 3 mH
Capacitance of LCL filter (Cy) 2 uF
Inductance of LC filter (Ly) 8.5 mH
Capacitance of LC filter (Cy) 2.2 uF

The control algorithm has been implemented in the AVR con-
troller, built on the basis of the TMS320C6672 signal processor
and the Cyclone V field-programmable gate array. To execute
the control algorithm, the following signals are measured: phase
voltages at the input (usy, x € {a, b, c}) and output (ur) of the
AVR, the input currents of the grid converter (i1,), the phase
currents of the single-phase inverters (if,) and DC-link volt-
age (uqc). To protect the AVR against the effects of external
short circuits, the load currents (i;,) are measured and also
incorporated into the control algorithm. To enable protection
and disconnection of the AVR from the grid side, two types of
bypass circuits were utilized. The shunt system (K.) was con-
structed using bidirectional thyristor switches to safeguard the
AVR against excessive currents in the converter circuits, such
as during external short circuits at the AVR output. The shunt
circuit (Kp,), based on electromechanical contactors, facilitates
the shutdown of the AVR, for example, during failure or AVR
maintenance work.

3. CONTROL SYSTEM OF AUTOMATIC VOLTAGE
REGULATOR

The AVR control system can be divided into two parts: the
control system of the AC/DC converter, which provides a DC
voltage of the required value, and the DC/AC inverters that
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are powered by it. On the other hand, the main task of the
DC/AC converter control system is to regulate the phase voltages
(fundamental harmonic) at the AVR output within =10% of the
nominal grid voltage.

3.1. AC/DC converter control system

A classical cascade control system shown in Fig. 3 has been
implemented in order to control the DC-link voltage. The DC
voltage PI controller settings (Kpqc, Kigc) were determined for
the 60 Hz control band. The grid currents are regulated in the
dq coordinate system rotating synchronously with the angular
frequency of the supply voltage. The parameters of the PI con-
trollers (Kpgq, K1aq) were calculated for a control bandwidth of
320 Hz.

Ugcref itrefd

Uta

— - Pl Pl —,d, q _>U1b
% —>
Ude ; a, b, ¢ _Utc
98 I1refq= 0 Pl U1q r T P
. s
la Usa
Ty TP G Uy " cpsc
—_— e
_he I 7 d, q U | PLL

Fig. 3. Block diagram of the AC/DC converter control system

The cascaded delayed signal cancellation — phase locked loop
(CDSC-PLL) algorithm [23] was used to determine the phase
angle of the fundamental harmonic of the grid voltage. The PI
controller settings used in this algorithm were selected for the
50 Hz control band.

3.2. DC/AC converter control system

The DC/AC converter allows the generation of appropriate series
voltages, which are added to the secondary side voltages of
the distribution transformer Trg through the transformers Trsg.
Three independent series voltage regulators were proposed, one
for each phase. They allow independent and fast adjustment of
individual phase voltages on the AVR output. The block diagram
of the load voltage controller for one phase is shown in Fig. 4.
Using the recursive discrete Fourier transform (RDFT) algo-
rithm, the amplitude of the fundamental harmonic (Us; ) of the
input phase voltage (us,) is calculated and subtracted from the
amplitude of the reference load voltage (Ul f). In this way, the
amplitude of the series voltage (Usgx) to be obtained at the sec-
ondary side of the transformer Trsg, is calculated. This amplitude
is limited to the maximum value that can be generated (Usgmax)-
The value of Usgmax is determined by the parameters of the se-
ries transformer used, the value was assumed to be equal to the
amplitude of the rated voltage of the secondary side of the trans-
former Trsg. Similarly, the amplitude (Uprefy) of the reference
phase voltage at the AVR output (uprefx ) is equal to Uy if it is
less than the maximum achievable voltage, otherwise it is lim-
ited t0 ULrefx,min = Us1x — UsEmax OF ULrefx,max = Us1x + UsEmax-
The reference values usgrefy and uprery are cosine signals,
scaled by the Trsg transformer ratio Ngg, whose argument is
equal to the sum of the instantaneous phase ®g of the supply
voltage, estimated by the CDSC-PLL algorithm and a fixed
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Fig. 4. Block diagram of the load voltage controller for one phase of the DC/AC converter

phase shift (¢, =0, ¢p =—27/3, p. =2n/3). The voltage usgrery
is one of the components of the reference output voltage (ufy)
of the voltage source inverter. Its value depends directly on the
difference between the referenced and estimated amplitude of
the input phase voltage.

The difference between u .t and the measured load voltage
Uy x, 1s the voltage regulation error e,x, which is fed to the input
of a resonant controller (R,.s) with transfer function:

sin (w1 Ty) 1-z72
2w;  1-2cos(wiTs)z 1 +z’

Rres(Z) =K (1
where: w; is the mains angular frequency and Kj; — integral
gain of the resonant controller. The main task of the resonant
regulator is to eliminate the static error of the load voltage.
Among other things, it corrects a voltage error related to voltage
drops on the series impedances of the series transformer and Ly
choke. The output signal of the resonant regulator is the second
component of the reference output voltage usy.

In the presented control system, negative feedback from the
inverter output current (ir,) was used to actively suppress the
resonance of LC circuit. This coupling also limits the current i¢
due to saturation of the series transformer during the transient
state. The gain of the proportional controller was calculated
from the formula:

Since the load current is measured for AVR protection and di-
agnostics, this signal was also used in the control system (taking
into account the series transformer ratio). The difference of these
currents, after amplification, is another component of ug,.

The last component of this voltage is the output signal of the
integral term processing the current ify, this term was used to
eliminate the constant component from the primary current of
series transformer and thus to reduce the residual magnetization
of the series transformer core (the problem occurs in transients).

The inverter reference output voltage us,, limited to the al-
lowable maximum value Ugny,y, is the input signal of the pulse
width modulation algorithm that defines the turn-on signals of
individual inverter transistors.

2

Table 2
Basic parameters of a distribution transformer and automatic voltage
regulator

’ Description Value
Proportional gain of DC-link voltage controller 112 A/V
(Kpgc)
Integral gain of DC-link voltage controller (Kjq.) | 68.74 A/Vs
Proportional gain of current controller of AC/DC 14.25 V/A
converter (Kpgq)
Integral gain of current controller of AC/DC con- 3.55 V/As
verter (Kiqq)
Integral gain of resonant controller of HDT output 200 V/Vs
voltage (Ky)
The frequency of the resonant controller of HDT 1007 rad/s
output voltage (w1)
Proportional gain of i¢, current controller (Kpf) 88.32 V/IA
Integral gain of i, current controller (Ki¢) 10 V/As
Maximum value of the series voltage amplitude 32,66V
(UsEmax)
Maximum value of the inverter phase voltage 380V
(Utmax)
Sampling period (75) 50 ps

The integral gains Ky and Kjr were selected by simulation
and experimental studies. A summary of the parameters of the
AC/DC and DC/AC converter control systems is given in Ta-
ble 2.

4. LABORATORY RESULTS

4.1. Case 1 — variation of the reference value of load
voltages

The tested system was supplied from the medium voltage grid of
Gdarisk University of Technology (GUT) through a step-down
transformer T1. The topology of the test system is presented in
Fig. 5.

Bull. Pol. Acad. Sci. Tech. Sci., vol. 72, no. 5, p. €150331, 2024
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Fig. 5. Test system topology — case 1

In order to assess the quality of operation of the AVR control
system, including the algorithm of limiting the amplitudes of
additive series voltages, laboratory tests were carried out at
various reference values of load voltage and different types of
load:

e symmetrical three-phase resistor (Fig. 0),

e three-phase resistor and a six-pulse rectifier connected in
parallel (Fig. 7),

o single-phase resistor (Fig. 8).

Figures 6-8 show the RMS waveforms of selected signals in
the AVR system when the load voltage set points (UL ) are var-
ied in the following sequence: 1.0U,, 1.05U,, 0.95U,, 1.08U,,
0.92Uy, 1.1Uy, 0.9U,, 1.15U,, 0.85Uy, 1.0U,. In Fig. 6-8, the
signals in phases a,b,c are marked with red, green and blue,
respectively, and the reference output voltage Uy ef —in magenta.

The RMS values presented in the figures were calculated in
a moving window of fixed length (N), based on the general
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U, U, in the band +0.002U,
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d) Additive series voltages (U,
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Fig. 6. RMS waveforms during the step changes of the load voltages

with three-phase symmetrical resistive load
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formula:

x? [(n], N = fs/ fu 3)

where: x is a signal registered by the AVR controller and f;
— sampling frequency. The RMS values of the series voltages
(Usgy) have been calculated as the differences between the RMS
values of the output and input voltages of the AVR (Usgy =
ULx - USx)~

Figures 6f—8f show the RMS waveforms of load currents (/1 x)
that contain information about the value and symmetry of the
load connected to the AVR output.

In the case shown in Fig. 6, the AVR was loaded with a three-
phase symmetrical resistor providing currents of approximately
1.051, (Fig. 6f) at the rated output voltage.

Figure 7 shows a test in which the AVR was loaded with a
symmetrical resistive load of about 0.26S,, and a three-phase
six-pulse diode rectifier loaded with resistance, the rectifier was
connected to the AVR output through chokes of an inductance
of 3 mH. The total apparent power of the load was 0.77S},.

a) Referenced (U, and measured (U, _,

Lref)

U,

s ULC) load voltages
1.20 T

1.00

[pu]

0.80
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Lref = L
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d) Additive series voltages (Ug .
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e) Load voltage control errors (E

Muuuuwup

0.03
0.02

[pu]

0.01
0.00

f) Load currents (ILa, A

[pu]

Time [s]

Fig. 7. RMS waveforms during the step changes of the load voltages

with three-phase symmetrical nonlinear load

Figure 8 concerns the AVR operation with an unbalanced
single-phase resistive load in phase c¢. The RMS value of the
current in the loaded phase is about 0.817, (Fig. 8f) at the rated
output voltage.
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Fig. 8. RMS waveforms during the step changes of the load voltages
with single-phase unsymmetrical resistive load

Figures 6a—8a show the RMS waveforms of the referenced and
measured phase voltages at the AVR output. For the first two
types of loads (Fig. 6a-7a), the setpoints 1.08U,, 1.1U,, 1.15U,
and 0.85U, have not been reached due to the applied limitation
of the series voltages Usgy to +0.1U, (cf. Figures 6d-7d). For
the other setpoints, the differences in the RMS values of the
referenced and measured voltages are within the tolerance band
of +0.2%U, (Figs. 6b—7b). Since the reference voltage is the
same for each phase, thus the output voltages are balanced. The
spiky behavior of the signals presented in Figs. 6b—8b is a result
of transients related to step changes in the reference voltage and
the limited dynamics of the AVR control system. Due to the very
high magnification of the waveforms near zero, the vanishing
transients are visible for a long time. Additionally, because of
the relatively small range of the y-axis, Uy .f — Urx differences
outside this range are not visible in a few of the time intervals
in Figs. 6b—8b.

The situation for the single-phase load (Figs. 8a, b) is slightly
different than for the previously discussed cases. In the unloaded
phases (a and b) the RMS values of load voltages do not reach
the setpoint values when Ul .t is equal to 0.9U,, 1.15U,,0.85U,
(Figs. 8a, b), while in the phase ¢ — when Uy is equal to
1.1U,,1.15U,,0.85U,. In case of Uyt = 1.08U,, the maximum
series voltage is generated in phase ¢ (Fig. 8d). Despite this,
the output voltage is not able to reach the referenced value and
a small error (approx. 0.1%U,) is clearly visible within the
assumed tolerance band of +0.2%U,,.

A slight unbalance, visible in the AVR input voltages for all
types of loads (Figs. 6¢—8c), is not present in the AVR output
voltages (Figs. 6a, b—8a, b), when the additive series voltages
are not limited. If the series voltage is limited in at least one
phase, the AVR output voltages may be unbalanced. In such a
situation, the voltages in the other two phases are not regulated
in order to balance the AVR output voltages. This is due to the
fully independent operation of the voltage controller in each
phase. The described operating state of the AVR system can be
seen clearly in Fig. 8 when Uy = 1.1U,, (period: 1.25-1.5 s).
Additive series voltage in phase c is limited while in the other
phases are still below the limit (Fig. 8d). Consequently, the
output voltages in phases a and b reach the referenced values,
while the voltage in phase c is noticeably lower. An analogous
situation is apparent when Uy s = 0.9U,, (period: 1.5 s—1.7 5s),
where only the output voltage in phase c¢ reaches the reference
value and the voltages in the other phases are higher than it due
to limitations.

Load voltage control error eyx is the difference between a
reference voltage uy .fx and a measured voltage uy x at the AVR
output phase, where up.fx is the reference value after passing
through the amplitude limiting algorithm. Therefore the RMS
value of the load voltage control error (Figs. 6e—8e) is a measure
of the imperfection between referenced and measured voltage at
the AVR output. In a situation where the fundamental harmonics
of the output voltages are generated precisely (as in our case,
cf. Fig. 9d), the Ex signals indirectly characterize the level of
distortion of the load voltages. It is significantly higher for a
nonlinear load (Fig. 7e), despite its lowest power.

4.2. Case 2 — variation of the AVR input voltages

Similar conclusions about the operation of the system can be
obtained by analyzing the spectra of the signals presented in
Figs. 6-8. For example, Fig. 9 shows amplitude spectra of up ,
Usy, USEx, control errors ey, and currents ip, for a nonlinear
load at Uy rer = 1.15U,, (cf. Fig. 7).
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Fig. 9. Amplitude spectra of selected signals at Upf = 1.15U, and
three-phase symmetrical non-linear load
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The fundamental harmonics in the spectra of load voltage
control errors Epyy (Fig. 9d) reach values below 0.1U,, which
proves that the resonant controller R, precisely regulates the
value of the fundamental harmonic in steady state. However,
due to the relatively narrow frequency band, it does not allow
reducing the higher harmonics of the load voltages. Neverthe-
less, with precise regulation of the fundamental harmonics of
the load voltages and its relatively small distortions, the RMS
values are also stabilized with high accuracy. The content of
higher harmonics in the AVR output (Fig. 9a) and input volt-
ages (Fig. 9b) is very similar. The load voltage control system
does not significantly modify the voltage spectrum of the dis-
tribution transformer, the additive series voltages (Fig. 9c) are
approximately sinusoidal.

The tests were carried out in the arrangement shown in Fig. 10.

15 kv 0.4 kv 0.4 kv 0.4 kv 0.4 kV
R S - ! }»7775{{777}
i i \I \I\ |
| ]! 7 i © i [r==]
G} 1=k
i [ i 1 !
| |

Fig. 10. Test system topology — case 2
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Fig. 11. RMS waveforms during the changes in AVR input voltages
while transferring energy to the mains
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The AVR input voltages are varied by changing the taps of
transformer T2. This transformer is equipped with a thyristor
on-load tap changer. In this case, a bidirectional AC/DC/AC
converter was connected to the AVR output, which allowed:

o transfer of energy to the power grid in constant current mode
with power factor (PF) close to —1 (Fig. 11)

e energy consumption in constant power mode with Qp /Py, =
0.4 (Fig. 12).

In both cases the AVR operates with a load close to its rated
capacity, the RMS current waveforms are shown in Figs. 11e,
12e and the waveforms of the active and reactive power — in
Figs. 11d and 12d. Changes of supply voltages are shown in
Figs. 11a, 12a. In either case, AVR correctly maintains the ref-
erence output voltage (Figs. 11c, 12¢) until the additive series
voltages are within +0.1U, (Figs 11b, 12b). When the differ-
ences between output and input voltages exceed the regulating
capacity of the AVR, it generates its maximum additive volt-
age. The obtained results encourage the authors to develop an
algorithm enabling the implementation of the physical model
of distribution transformer with multi-zone voltage regulation
described in paper [24]. The obtained results will be presented
in subsequent publications.
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Fig. 12. RMS waveforms during the changes in AVR input voltages
while constant power load with Oy /Py =0.4
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4.3. Case 3 —transient states

The chapter presents selected transients related to:
e changes in the reference value of the load voltage (Figs. 13
and 14),
e switching on and off different types of loads (Figs. 15-19).
Figures 13 and 14 show the selected transients associated with
step changes in load voltages, whose RMS waveforms are shown
in Figs. 6a and 7a, respectively, the time axis is the same in the
corresponding figures. In both cases, the additive series voltages
with maximum amplitude must change phase by 180 degrees.
Despite the largest possible setpoint changes, the control system
reduces the errors almost completely during one period of the
mains voltage.
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Fig. 13. Step change of the reference load voltage from 1.15U, to
0.85U, under symmetrical three-phase resistive load
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Fig. 14. Step change of the reference load voltage from 0.9U}, to 1.15U,
under unsymmetrical single-phase resistive load

Figure 15 shows the transient state caused by switching on,
at nominal AVR output voltage, a three-phase resistive load
with a power slightly above rated. Figure 16 shows, at nominal
load voltage, the switching on of a symmetrical inductive load
of about 0.85;. The control system ensures stable operation of
the AVR and reduces the voltage error significantly during one
period of the supply voltage.
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Fig. 15. Switching on a symmetrical three-phase resistive load of about
1.058y at Up e = 1.0Uy
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Fig. 16. Switching on a symmetrical three-phase inductive load of about
0.88n at Uy e = 1.0U,

Figure 17 illustrates the operation of a three-phase load in
the form of the three-phase resistor (ca. 0.26S,,) and a six-pulse
diode rectifier with an output resistance (ca. 0.75S;) at a load
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Fig. 17. Disconnection of phase b of the power supply of the six-pulse
diode rectifier (ca. 0.75Uy) during operation of the symmetrical three-
phase resistor (ca. 0.26Uy), Uy ref = 1.05U,
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voltage of 1.05U,. At time ¢t = 36ms, phase b of the rectifier
supply was disconnected causing a load asymmetry. The change
in the value and type of the load causes a slight transient, the
output voltage adjustment time is about one period of the mains
voltage.

Figures 18 and 19 show the transients related to the soft
loading of the AVR output using the power electronic converter
systems. Figure 18 presents the termination of energy transfer
to the distribution grid and Fig. 19 — the beginning of capacitive
reactive power generation. In the case of gradual change in
load on the AVR output the voltage control errors are almost
unchanged.
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Fig. 18. Switching off the power electronic converter system transmit-
ting energy to the supply network
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Fig. 19. Switching on the power electronic converter system generating
the capacitive reactive power

5. CONCLUSIONS

Experimental tests have confirmed correct operation of the AVR
for resistive, inductive, capacitive, constant-current, constant-
power, nonlinear and asymmetrical loads, as well as in coop-
eration with generating units transmitting energy to the mains.
The AVR described in this paper exhibits appropriate dynamics.
The control system significantly reduces the voltage error during

Bull. Pol. Acad. Sci. Tech. Sci., vol. 72, no. 5, p. 150331, 2024

half of the period of the supply voltage, regardless of the type
of load. The error of the output voltage regulation in the steady
state does not exceed 0.2% of U,. The accuracy of the control
is independent of the type of disturbance—whether it is a load
change or a generation change. Further development of the AVR
is planned in the near future, particularly the implementation of
control that will provide compensation for higher harmonics of
the output voltage and input current of the AVR, as well as the
capability of reactive power compensation.

Research is planned using the AVR as part of a smart grid,
which will be supported by the IEC61850 communication pro-
tocol implemented in the device.
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