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Abstract

We carried out a study on adjusting the voltage at the output terminals of a three-phase
synchronous generator using the voltage encoder EMBSIN 121u. The purpose of this study
was to increase the quantity and quality of the electrical energy produced by the generator.
This paper is innovative as the author generates three models in MATLAB-Simulink to study
voltage adjustment in a three-phase synchronous generator with electromagnetic excitation
in two distinct cases: case 1, running the three-phase synchronous generator with a variable
load and constant frequency, and case 2, running this generator with a constant load and
variable frequency. In the first case, the voltage is adjusted through an automatic voltage
adjustment system equipped with a proportional integrative (PI) controller (model 1) or
through a fuzzy logic (FL) controller (model 2). The voltage is adjusted in the second case
through an automatic voltage adjustment system equipped with a PI controller (model 3).
In the case of the automatic voltage adjustment system with a fuzzy logic controller, the
electrical energy supplied by the three-phase synchronous generator will be higher than
in the case of the automatic voltage adjustment system equipped with a PI controller
(at the moment, t = 6 s: Sgen_p1 = 158.2 (VA) and S¢,_r1. = 230.7 (VA)). Moreover, to
implement the adjustment algorithm of the three-phase synchronous generator voltage
through the voltage encoder EMBSIN 121u, the author has created a program in the
programming environment Arduino IDE. The results of this study could also be used for
three-phase synchronous generators with electromagnetic excitation used to construct wind
power stations.

Keywords: three-phase synchronous generator; voltage encoder EMBSIN 121; Arduino
Mega 2560

1. Introduction

In energy systems, three-phase synchronous generators are exclusively used to pro-
duce electrical energy. In electrical power stations, multiple synchronous generators are
usually installed, designed to run in parallel to provide electrical energy to a wider electrical
energy system with relatively higher power compared to the rated power of each individ-
ual generator. In order to connect a new generator in parallel, the following conditions
must be met:

(@) The generator voltage rates must be equal to the mains supply voltage rates.

(b) The frequency f of the three-phase synchronous generator must be close to the fre-
quency of the mains supply voltage.

(c) At the moment of the generator’s connection to the mains supply, the voltage rates on
the homolog terminals of the generator and the mains supply must be in phase.
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(d) The last condition requires the phase succession of the generator to coincide with the
mains supply phase succession.

This work presents a comparative study on voltage adjustment in a three-phase
synchronous generator with electromagnetic excitation during operation in two distinct
cases: case 1, with a variable load and constant frequency, and case 2, with a constant
load and variable frequency. In the first case, the voltage is adjusted through an automatic
voltage adjustment system equipped with a proportional integrative (PI) controller or with
a fuzzy logic controller (FL). In the second case, voltage adjustment is performed though
an automatic voltage adjustment system equipped with a PI controller. The purpose of this
study is to increase the amount and quality of electrical energy produced by the three-phase
synchronous generator.

1.1. Literature Review

The running principle of the three-phase synchronous generator and its characteristics
are described in previous works [1,2]. Synchronous generators with drowned poles and
with apparent poles are presented. For parallel operation of synchronous generators, the
voltage at the generator output terminals must be kept constant. For this purpose, auto-
matic voltage regulators are used in practice. One work [3] presents a voltage regulator
for isolated three-phase synchronous generators designed to run in parallel. In this work,
a STATCOM power electronic device is used that adjusts the voltage on an electric net-
work via fast injection or absorption of reactive electrical energy using voltage convertors
equipped with power transistors of type IGBT. A comparative study on the usage of PID
(proportional-integrative-derivative) regulators to enhance the dynamic performance of a
system of voltage automatic adjustment/regulation (AVR) for a three-phase synchronous
generator is presented in previous works [4,5]. The voltage adjustment system is applied to
a synchronous generator whose reference voltage is modified in steps in order to improve
the transient behavior of its voltage at terminals, and the authors test automatic voltage
regulators in naval synchronous generators using in-the-loop hardware technology [6]. A
control strategy for running an independent wind turbine with variable rpm that drives a
synchronous generator with permanent magnets (PMSG) is presented in two works [7,8].
PMSG is connected to a three-phase resistive load through a commutation rectifier and a
voltage invertor. The convertor is controlled from the generator to extract maximal electrical
energy from the available wind energy. The control strategy is implemented in such a way
as to maintain the load supply at constant voltage and frequency rates during changes in
load rate or wind direction. One work [9] presents an analysis of the performance of a
PID (proportional-integrative—derivative) regulator for an automatic voltage adjustment
system (AVR) using the generic algorithm of multi-objective non-dominant selection II
(NSGA-II). Another work [10] presents a method for determining the parameters of a PID
regulator for systems of automatic voltage regulation (AVR) by making use of a chaotic
optimization approach based on the Lozi map. The voltage fluctuations provoked by
any perturbation in an energetic system are analyzed, and oscillations are minimized by
controlling the excitation field of the three-phase synchronous generator using a control
loop with a PI regulator [11]. In one work [12], the authors analyze the losses in the
excitation coil of a three-phase synchronous generator running in parallel. In another
work [13], an experimental investigation was carried out on a category of synchronous
generators with self-excitation. It was noticed that oscillations in the excitation current
caused the appearance of harmonics in voltage rates at the generator output. Aircraft
building makes use of three-phase synchronous generators for which voltage adjustment
control is achieved in three stages using an improved algorithm of differential evolution,
dDE [14], an improved control algorithm based on the theory of control with variable
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structures in slipping mode [15], or a voltage adjustment control algorithm with more
loops and multiple feedback channels [16]. A comparison between PID regulators with
parameters determined through conventional methods and FUZZY regulators used for
controlling buck-boost convertors is presented in several works [17-21]. One work [22]
develops a control system for the voltage stabilization unit of a three-step synchronous
generator; another [23] presents the implementation of an automatic voltage regulator
for a synchronous machine developed in the LabVIEW trial (National Instruments (NI),
Austin, TX, USA) programming environment. Further works [24,25] present the design
and construction of an automatic voltage regulator for three-phase synchronous gener-
ators. These articles address aspects of the construction of automatic voltage regulators
(AVRs) that maintain a constant voltage rate at the output terminals of the synchronous
generator in cases of load and frequency variation. Ongoing research on voltage control
in a three-phase synchronous generator is vital. To adjust the voltage of a three-phase
synchronous generator with electromagnetic excitation, in this work, we created models in
MATLAB-Simulink 2018a for both load and frequency variation.

1.2. Contributions to the Field

The original contributions in this work consist of developing models in MATLAB-
Simulink for running a three-phase synchronous generator in the two cases mentioned
above, as well as algorithms for voltage adjustment using a PI controller or a fuzzy logic
controller. The author used an experimental stand built at the Electrical Machinery and
Drives Laboratory of the University “Vasile Alecsandri” in Bacau to implement and validate
an algorithm for adjusting the voltage of a three-phase synchronous generator with a PI
controller for the two cases mentioned. Both in the models developed in MATLAB Simulink
and with the experimental stand, the voltage at the output terminals of the three-phase
synchronous generator was kept constant. This was achieved via changes in the supply
voltage to, and the current intensity through, the excitation winding.

Our analysis of the simulation outcomes shows that the electrical energy produced
by the three-phase synchronous generator is higher when using the automatic voltage
adjustment system equipped with a fuzzy logic controller than with the automatic voltage
adjustment system equipped with a PI controller.

1.3. Organization of the Work

In Section 1, aspects regarding the automatic voltage regulation of the three-phase
synchronous generator presented in the works that we have mentioned as references
were presented. In Section 2.1, models in MATLAB-Simulink developed by the author
for the operation of the three-phase synchronous generator in two distinct cases are pre-
sented: case 1—in variable load and constant frequency; case 2—in constant load and
variable frequency. The simulation results for the three models developed in MATLAB-
Simulink are presented in Section 2.2. In Section 3, the experimental results obtained
using an experimental stand created in the Electrical Machines and Drives laboratory are
presented. An electrical diagram of the experimental stand designed by the author for
the implementation of the synchronous generator voltage regulation algorithm is pre-
sented. To implement the three-phase synchronous generator voltage regulation algorithm
with a PID regulator, the author developed programs in the Arduino IDE programming
environment. Both in the models made in MATLAB-Simulink and in the case of the experi-
mental stand, the voltage at the output terminals of the three-phase synchronous generator
remains constant.
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2. Materials and Methods

2.1. MATLAB-Simulink Models of the Voltage Regulation System for the Three-Phase
Synchronous Generator
2.1.1. The Operating Equations of the Three-Phase Synchronous Generator with
Electromagnetic Excitation

The operating equations of the three-phase synchronous generator with electromag-
netic excitation in the orthogonal d-q axis system are [16]: (a) the voltage equations

. d

ug = Rsig + TZd — wripy 1)
. d

Ug = Rslq + % + wr Py (2)

where 14, u;—the components of the stator phase winding voltage; i4, i;—the components
of the current intensity in the stator phase winding; ¢;, {;—the components of the stator
fluxes of the stator phase winding; Rs—resistance of the stator phase winding; w,—rotor
rotation speed. (b) the flux equations

Py = Lgig + Lmif (3)

% = Lqiq 4)

where L;—the inductance on the longitudinal axis; L,—the inductance on the trans-
verse axis; L,—the mutual inductance between the stator phase winding and the ex-
citation winding; is/—the current intensity in the excitation winding. (c) the excitation
circuit equations

., dyy

¢f = Lflf ~+ Lyig (6)

where 1 —the excitation winding voltage; R ;—the excitation winding resistance; L /—the
excitation winding inductance. These equations are used in the development of models of
the three-phase synchronous generator with electromagnetic excitation in the MATLAB-
Simulink programming environment.

2.1.2. Models of the Voltage Regulation System of the Three-Phase Synchronous Generator
When Operating with Variable Load and Constant Frequency

Figure 1 presents a block diagram of the model developed by the author in
MATLAB-Simulink for a voltage regulation system for a three-phase synchronous
generator operating under variable load and driven by a primary motor with constant
power. The main blocks used in the structure of this model are as follows: (a) The
three-phase synchronous generator. (b) The voltage regulator is of type PI and has
an amplification factor kp = 120 and integration constant k; = 15. (c) There is a mea-
suring block for voltage and current values at the output terminals of the three-phase
synchronous generator. (d) Load resistors connected to the output terminals of the
three-phase synchronous generator have active power rates of P1 =100 W, P2 =300 W,
P3 =400 W, and P4 = 100 W. (e) A three-phase connecting block allows the connection
of a load resistor of 300 W after a time interval of 3 s; three-phase connection block
1 allows the connection of a load resistor of 400 W after a time interval of 5 s. These
three-phase connection blocks are set with timing upon actuation. The variable load
connected to the terminals of the three-phase synchronous generator will increase after
a time of 3 s with the power rate of 300 W, to which a load of 400 W will be added
5 s later. (f) The RMS blocks allow the calculation of the average square values of the
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line voltage and current for a phase of the three-phase synchronous generator. The
rotor of the three-phase synchronous generator is driven by a primary motor that has
a power equal to the power of the three-phase synchronous generator. In this model,
the values used are expressed in relative units. (g) The block for three-phase mains
alternative current (A.C.) supply has the voltage U = 400 V and frequency f = 50 Hz. The
oscilloscope V1 displays variation in the following signals: MecPower, power variation
in the primary motor that drives the three-phase synchronous generator rotor. The
mechanical power is expressed in relative units, (p.u.). Speed (p.u.), rpm variation in
the three-phase synchronous generator; Igen (A), current variation through a phase
winding of the three-phase synchronous generator; and Vgen (V), line voltage at the out-
put terminals of the three-phase synchronous generator. The oscilloscope V2 displays
the voltage variation in the excitation coil of the three-phase synchronous generator
and the variation in the primary motor power that drives the generator rotor. Figure 2
shows a block diagram of the model developed by the author in MATLAB-Simulink
of a regulation system for the voltage of a three-phase synchronous generator with
a fuzzy logic controller running with variable load and driven by a primary motor
with constant power. In principle, the blocks used in this structure are identical to the
blocks used in the structure of the model presented in Figure 1. In this model, the fuzzy
logic controller has been added. The structure of the fuzzy logic controller is presented
in Figure 3.

Synchronous Machine

<Rotor speed wm (pu)> I‘ I .
Speed (pu) I m ' <Stator current> 398.5]

R :I labe (pu) Display2 Display4
‘ ,_.b_‘ Dot Product 0.3272]
> 1

Mec Power

@ Display

Va (pu
. T (pu) * v RMS
Vabc
A . A Va1
Eroor T \abe Va (pu)1
B B a A
- 1 s -MH
Cc

PID(s) ’ ¢ ’ c
Pl Saturation Syncr:ril\'n/iuzohg\a/chine Three-Phase Source
Controller < /;‘j‘-’ Three-Phase
o o | Breaker
- < G‘-’ Three-Phase
Display1 o o | Breaker1
V2 100w 100W

300 W1 400 W2
Continuous -

powergui

V1

Figure 1. Model in MATLAB Simulink for adjusting the voltage of a three-phase synchronous
generator with a PI controller operating at a variable load and constant frequency.

2.1.3. Designing the Fuzzy Logic Controller FL

To design the fuzzy logic controller, the following input variables were chosen: the
error ¢(k) and error derivate de(k) and the output variable (k). The error signal (k) can
be calculated through the following relation:

€<k) = Vref — Va (7)

where V,, = 1, and V, is the measured voltage between two phases. This value is divided
by 400 so that the measured voltage applied to the summing block takes values in the range
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Speed (pu)

Display5

i

(0-1). For this type of controller, it is not necessary to determine the mathematical model of
the fixed part. The output variable is determined as a function of the input variables based
on functions defined in a rule base using membership functions. The ranges of variation in
the input variables and the output variable are within the interval [—1, 1]. The membership
functions for each variable are shown in Figure 4 and are of the triangular type.

Synchronous Machine

<Rolor speed wm (pu)> I E H<Stator current> . 395.7,

Mec Power

(0]

elk) |
I :E) in Mi)ui

i

de(k)

#

Fuzzy Logic
Controller

»P
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K_ e
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labe (pu) -
0.5741
‘!:] Display3
= T
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Va (pu)1

Synchronous Machine
1 KVA 400V

Three-Phase Source
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« oo | Breaker

[+

Three-Phase

<
« oo | Breaker1
Memory1
0.01072 ::. 100w 100w
vz 300 W1 400 W2

Display6
Voer
Continuous Vi
powergui
Figure 2. Model in MATLAB Simulink for adjusting the voltage of a three-phase synchronous
generator with a fuzzy logic controller operating at a variable load and constant frequency.
4 Fuzzy Logic Designer: fuzzy_gen_5_2 - O X
File Edit View

O

fuzzy gen_5 2

(mamdani)

de(k)

Figure 3. Structure of the fuzzy logic controller FL.
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(c) Membership functions of the output variable u(k).
Figure 4. Membership functions of fuzzy logic variables.

The rule base is presented in Table 1.
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Table 1. The rule base.
e(k)

NB NS Z PS PB

NB PB PB PB PS Z
NS PB PB PS Z NS
de(k) z PB PS z NS NB
PS PS Z NS NB NB
PB Z NS NB NB NB

To write the rules, the following operators were used: if and then; NB, negative big;
NS, negative small; Z, zero; PS, positive small; and PB, positive big. Below are two examples
of rules from the total of 25 rules used by the fuzzy logic controller.

1.  if (e(k) is NB) and (de(k) is NB) then (u(k) is PB);
2. if (e(k) is NS) and (de(k) is Z) then (u(k) is PS).

The inference method used in this case is the max-min method [26]:

pui(u) = min(pci(E;), poi(u));pu(u) = max[uy;(u)) (8)

where jic;(E;) = min(pa;(E), upi(AE)), and pup;(u) is the function imposed through the
rule R;. The de-fuzzying method used is the gravity center method, where the abscissa of
the gravity center is determined with the following relation [26]:

e Lt
I ()

The output variable u (k) is determined by means of relation (9).

2.1.4. Model of the Voltage Regulation System for the Three-Phase Synchronous Genera
Tor Operating with Constant Load and Variable Frequency

Figure 5 presents a block diagram of the model developed by the author in MATLAB-
Simulink for the voltage regulation system of a three-phase synchronous generator operat-
ing with a constant load and variable frequency.

The MecPower block in this model generates a signal of variable power. The power
variation in the primary motor that drives the rotor in the three-phase synchronous genera-
tor is presented in the diagram in Figure 6, which was conceived by the author and may
resemble the power variation in a wind turbine caused by modifications to wind speed
driving the rotor of the three-phase synchronous generator within the structure of a wind
power station. In this model, a variable load of 700 W is connected to the terminals of the
three-phase synchronous generator by means of a three-phase connection block after a time
interval of 5 s. The three-phase connecting block is set with actuation delay. For all the
models presented above, the parameters of the three-phase synchronous generator remain
unchanged and are presented in Figure 7.

2.1.5. Functioning of the Models Created in MATLAB-Simulink

The rotor of the three-phase synchronous generator is driven by a primary motor with
constant power in the first two models and one of variable power in the third model. The
voltage rates at the output terminals of the three-phase synchronous generator are adjusted
using a PI regulator that controls the supply voltage of the excitation coil of the three-phase
synchronous generator for the first model and using a fuzzy logic controller for the second
model. The reference rate for the adjustment loop of the excitation coil voltage will be
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]

Speed (pu)

.

equal to the unit because the models have been designed to run with relative values. The
line voltage on the output terminals of the three-phase synchronous generator is measured.
For this purpose, the RMS block is used, in order to calculate the average square value of
the line voltage. The resulting value for the RMS block output will be divided by 400 in
the amplifier block to obtain a unitary value. This voltage will represent the reaction size
within the excitation voltage regulation loop of the three-phase synchronous generator. For
the first two models, the PI controller or the fuzzy logic controller will provide a constant
voltage at the terminals of the three-phase synchronous generator during operation with a
variable load and constant frequency. The PI controller in the third model will provide a
constant voltage at the output terminals of the three-phase synchronous generator during
operation with a constant load and variable frequency. In these voltage regulation systems
we have not implemented the vector control. The vector control can be implemented if the
synchronous machine is powered from static frequency convertors.

Synchronous Machine

H <Stator current> .

<Rotor speed wm (pu)> I

labc (pu)

MecPower

Signal 1

Mec Power

Va(p
Vaby

labc

)
4

u
c
a

-

b

S ]

Continuous

[
Three-Phase Source

’ c

Three-Phase Breaker

Synchronous Machine <

i
d+
o
1 kVA 400V /;}
o

100W
100w 700 W1

Vi (pu)

Figure 5. Model in MATLAB Simulink for voltage adjustment in a three-phase synchronous generator
driven by a primary motor with variable power.

12 syn_machines_1_mod_Livinti_decembrie/Mec Power : MecPower
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1.15 [~
-
=]
) 1.1
&
=
E
o 1.05 [~
[a W
—
[
9
1
E
<
o
=
0.95
0.9 1 L 1 1 1 1 1 1 1 ]
o 1 2 3 4 5 6 7 8 9 1C

Time (sec)

Figure 6. Variation in the primary motor power that drives the rotor of the three-phase synchronous
generator.

https://doi.org/10.3390/en19133141


https://doi.org/10.3390/en19133141

Energies 2026, 19, 3141 10 of 22

@ Block Parameters: Synchronous Machine 1 kv 400V X

Synchronous Machine (mask) (link)

Implements a 3-phase synchronous machine modelled in the dq rotor reference frame. Stator windings
are connected in wye to an internal neutral point.

Configuration Parameters Advanced Load Flow

Nominal power, line-to-line voltage, frequency [ Pn(VA) Vn(Vrms) fn(Hz) J: [[ 1000 400 501 ||}

Reactances [ Xd Xd' Xd" Xq Xq" X ](pu): [[ 1.8,0.35, 0.25, 1.1, 0.45, 0.18 ] |5

Time constants

d axis: :Short-circuit e

q axis: iOpen-drcuit e

[Td" Td" Tqo"1(s): [[0.8, 0.053,0.2 ] |
Stator resistance Rs (pu): |0.02 |H
Inertia coefficient, friction factor, pole pairs [ H(s) F(pu) p()l: I[ 0.302] |

Initial conditions [ dw(%) th(deg) ia,ib,ic(pu) pha,phb,phc(deg) VF(pu) I: [14.943 95.057 1.29071]] |
D Simulate saturation Plot ‘

[ ifd; vt] (pu): 356,1.082,1.19,1.316,1.457;0.7,0.7698,0.8872,0.9466,0.9969,1.046,1.1,1.151,1.201]

[ox ][ cance || Hep || aoy

Figure 7. Parameters of the three-phase synchronous generator.

2.2. Results of Simulations
2.2.1. Results of Simulations During Operation of the Three-Phase Synchronous Generator
with a Variable Load and Constant Frequency

The current intensity variation through the phase winding of the synchronous gen-
erator while running with a variable load and constant frequency is shown in Figure 8
for model 1 and Figure 9 for model 2. The current intensity through the phase winding
of the three-phase synchronous generator will decrease along with the increase in load
connected to the output terminals of the generator. The voltage at the output terminals
of the three-phase synchronous generator is kept constant due to the increased voltage

supplied to the excitation coil.
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Figure 8. Current variation through the phase winding of the synchronous generator operating with a variable load and constant frequency for model 1.

https://doi.org/10.3390/en19133141


https://doi.org/10.3390/en19133141

Energies 2026, 19, 3141 12 of 22

p-u.
- Mechanical Power
1.05
1
0.95— i i -
| |
0.9
0 1 2 3 4 5 6 7 8 9 10
p-u Speed
T T I
1 [ [ <Rotor speed wm (pu)> |_
1.05 T T —
A A
V \VAAd
0.95 | |
0 1 2 3 4 5 6 7 8 9 10
A Generator current
. | | RMS |
) [\ A\/\./\
V L
0  S— + + —
| |
0 1 2 3 4 5 6 7 8 9 10
\ Generator voltage
|
400 s RMS1 I_
300
200
100
o= | | ]
0 1 2 3 4 5 6 T 8 9 10
Offset=0

Time (s)

Figure 9. Current variation through the phase winding of the synchronous generator operating with a variable load and constant frequency for model 2.
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2.2.2. Comparative Analysis of the Simulation Results for the First Two Models

For the first two models, the phase current intensity (display 3) is read, as well as
the voltage between two phases (display 2) and the apparent power at the output of the
three-phase synchronous generator (display 4), every two seconds, from the beginning of
the simulations over its performance time of 10 s. By pushing the Run button on the control
bar of each model, we insert a pause for reading the measurement instruments, and, after
pushing the button again, the simulation is resumed. The values of the parameters are
as follows and are presented in Table 2: phase current intensity, I, pj; voltage between
two phases, Ugen_p1, Sgen_p1, for model 1 and phase current intensity Len_pr; and voltage
between phases, Uge_rr, Sgen_rL, for model 2, obtained as a function of the time variation
from the starting time of the simulation programs. The apparent power at the output
terminals of the three-phase generator is given by the following relation:

S=U-I(VA) (10)

Table 2. Simulation results for running the three-phase synchronous generator with a variable load

and constant frequency.

P Time (3) 2 4 6 8 10
arameter

Igm_pl (A) 1.403 0.953 0.397 0.342 0.327
Ugm_pl V) 396.4 397.1 397.6 398.3 398.5
ng_pl (VA) 556.0 387.7 158.2 136.4 130.4
Igen_pL (A) 1.393 0.997 0.583 0.577 0.574
Ugenpr V) 396.7 396.3 395.6 395.7 397.7
Sgenpr (VA) 552.7 395.3 230.7 228.7 227.2

From the results analysis shown in Table 2 and the variation diagrams of the param-
eters presented in Figures 8 and 9, we can conclude the following: the current intensity
through the phase winding of the three-phase synchronous generator decreases along with
the increase in the load connected to the terminals of the three-phase synchronous generator.
The current intensity through the phase winding of the three-phase synchronous generator
is higher in the case of the automatic system for voltage adjustment equipped with a fuzzy
logic controller (at the moment, la t = 6 s Igenp, = 0.397 A and Igen_pr = 0.583 (A)). The
voltage at the terminals of the three-phase synchronous generator remains constant. The
apparent power of the three-phase generator output has a higher value when using the
automatic system for voltage adjustment equipped with a fuzzy logic controller. As such,
in this case, the electrical energy supplied by the three-phase synchronous generator will
be higher than that supplied using the automatic system for voltage adjustment equipped
with a PI controller (at the moment, t =6 s S¢,,_p; = 158.2 (VA) and Sgen_, = 230.7 (VA)).

2.2.3. Results of Simulations Running the Three-Phase Synchronous Generator with a
Constant Load and Variable Frequency

The current variation through the phase winding of the synchronous generator when
the generator rotor is driven by a primary motor with variable power is shown in Figure 10.

https:/ /doi.org/10.3390/en19133141


https://doi.org/10.3390/en19133141

Energies 2026, 19, 3141

14 of 22

p.u.

Mechanical Power

11 | Mec Power
1.05
1
0.95
0 4 5 9 10
» Speed
‘ r = <Rotor speed wm (pu)> |
1.05
1 !\VAVI\VA A~
095 ,l
0 4 5 9 10
g Generator current
J\_/\/W N
0
5
0 4 5 9 10
Generator voltage s RMS1 |
400
200
0
0 4 5 9 10
Offset=0
Time (s)

Figure 10. Current variation through the phase winding of the synchronous generator when the generator rotor is driven by a primary motor with variable power.
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Figure 10 shows that the rotor of the three-phase synchronous generator is driven
by the primary motor with a variable power as a function of time. The current intensity
through the phase winding of the three-phase synchronous generator will increase along
with an increase in the primary motor power. With an increase in primary motor power
from 1 to 1.1 in relative units, the current intensity through the phase winding of the
generator will increase from 1.9 A to 2 A. The voltage value at the output terminals of
the three-phase synchronous generator will be kept constant but will increase with an
increase in supply voltage to the excitation winding. During the time interval from 4 s
to 5 s, the power of the motor driving the rotor of the synchronous generator decreases
from 1.1 to 0.95 in relative units. The current intensity decreases from 2 A to 1.85 A, and
the voltage of the excitation winding will decrease. After 5 s, a load of 700 W is connected
to the output terminals of the three-phase synchronous generator. The current intensity
through the phase winding will decrease from 1.85 A to 0.7 A. As the load increases, the
excitation winding voltage will increase. Finally, it can be seen that when the power of
the motor driving the rotor of the synchronous generator changes, the excitation winding
voltage also changes.

2.2.4. Comparative Analysis of PI and FL Controller Performance When Used in the
Construction of the AVR (Automatic Voltage Adjustment) System with Controller
Performance Presented in Other Works

Figure 8 shows that the maximum value of the voltage is equal to 410 V A.C. The
value of the overshoot for the measured voltage at the output terminals of the synchronous
generator is given by the following relation:

Upax — U 410 — 4
_ x2S 1009 — 219400 100 _ 959, 1

7 Uy 400

Figure 9 shows that the maximum value of the voltage is equal to 406 V A.C. The
overshoot value is given by the following relation:

U,ae — U 406 — 4
_ x2S 1009 — 206 =400 100 _ 159, (12)

72 Uy 400

In Ref. [27], a comparative study is presented in which the parameters of a PID con-
troller used for voltage control in an AVR system are tuned using the Particle Swarm
Optimization (PSO) and Symbiotic Organism Search (SOS) algorithms. According to
Ref. [27], the overshoot value determined using the Integral of Absolute Error (IAE) ob-
jective function is 22.45% for the SOS algorithm (Table 2 from Ref. [27]) and 21.12% for
the PSO algorithm (Table 3 from Ref. [27]). Therefore, it can be observed that the voltage
overshoot of the synchronous generator obtained with the AVR system employing the FL
controller in this paper (15%) is lower than the values reported in Ref. [27] for the Integral
of Absolute Error (IAE) objective function.

3. Experimental Results
3.1. Description of the Experimental Stand

The electrical diagram of the experimental stand of the automatic voltage regulation
system for the three-phase synchronous generator with electromagnetic excitation is pre-
sented in Figure 11. The voltage regulation system is implemented using the EMBSIN 121u
voltage encoder (MBS Sulzbach Messwandler GmbH, Sulzbach-Laufen, Germany). This
encoder has an accuracy class of 0.5. The signal from the encoder output is applied directly
to an analog/digital input channel of the Arduino Mega 2560 development board (Arduino
company, Ivrea, Italy). In Ref. [4], to build a real model of the AVR system (Figure 2 in
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230 V.c.a.

Ref. [4]), a filtering circuit is inserted for the signal received from the voltage encoder. In the
case of this encoder, there is no need for a filtering circuit for the output signal. A picture of
the experimental stand is presented in Figure 12. The components of the experimental stand
are as follows: (1) a three-phase synchronous generator; (2) a three-phase asynchronous
motor; (3) a static frequency convertor; (4) a D.C. source, controlled through a PWM signal;
(5) an Arduino Mega 2560 development board; (6) an EMBSIN 121u voltage encoder; (7) a
digital multi-meter; (8) an autotransformer; (9) a MAVO 35 measuring instrument; (10) an
analogic multi-meter; (11) a breadboard; (12) a Lenovo laptop.

o——
380 V.ca. O CSF
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Static frequency convertor @ asynchronous motor
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R
Autotransformer D.C. Source Excitation S
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Figure 11. Electrical diagram of the experimental stand.

The characteristics of the components are as follows: (1) The catalog rated data
of the three-phase synchronous generator are rate power, P, = 1 KW, output rated
voltage = Uy, = 400 V.A.C,; rated supply voltage of the excitation coil U,y = 110 V.D.C.;
and rated rpm n, = 1500 rev/min. (2) For the three-phase asynchronous motor with
a short-circuit rotor, the catalog rated data are rate power, P, = 1.5 KW; rated supply
voltage = Uy, = 400 V.A.C.; and rated rpm n, = 1500 rev/min. (3) The frequency static
convertor is of the LG type with rated power Pn = 5.5 kW, supply voltage =380 V A.C., and
variable output voltage within the interval (0 < 380) V.A.C., which is needed for supplying
the three-phase asynchronous motor; the frequency of the variable output voltage is variable
within the interval (0 <+ 50) (Hz). (4) The voltage source is supplied as alternative current at
100 V from the autotransformer and generates a continuous variable voltage (0 < 100) V at
the output to supply the excitation coil. (5) The Arduino Mega 2560 development board is
equipped with the micro controller ATmega 2560 and has 16 input analog/digital channels
and 54 digital channels that can be used as input or outputs. On 14 pins, PWM signals
can be obtained on the output. (6) The EMBSIN-121u voltage encoder is supplied at an
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A.C. voltage ranging within (0 < 230) V.A.C. At the input, the variable voltage signal in
the interval (0 < 500) V.A.C. is applied, and, at the output, the resulting voltage signal
will be within (1 + 5) V.D.C. (7) The digital measuring instrument measures the voltage
supplied by the voltage encoder EMBSIN —121u. (8) The autotransformer is supplied at
a voltage of 230 V.A.C. and supplies a variable output voltage (0 = 230) V.A.C. (9) The
analog multi-meter is used to measure the supply voltage of the D.C. source mentioned at
position 4. (10) The MAVO-35 multi-meter measures the supply voltage of the excitation
coil in the three-phase synchronous generator. (11) The breadboard is used to provide
connections between the Arduino Mega 2560 development board and the voltage source
that supplies the excitation coil. (12) The laptop is used to program the Arduino Mega
2560 development board.

Figure 12. Picture of the experimental stand.

3.2. Experimental Determinations

The program for implementing the PID-type voltage regulator was developed by the
author in the programming environment Arduino IDE. Through this program, the reference
value of the line voltage of the three-phase synchronous generator is set at 400 VA.C. This
value will be compared to the value of the voltage measured by the EMBSIN—121u voltage
encoder for two phases at the output of the three-phase synchronous generator. The error
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signal is processed by the PID voltage regulator. The adjustment law of the PID regulator is
given by the following relation:

de(t)
dt

() = kee(t) + ki/e(t)dt +ky (13)

where e(t) is the measuring error, determined via the following relation:
e(t) = UYref — Uinas (14)

where U,, % is the reference voltage and Uj,s is the measured voltage rate.

- u(t) is the output voltage of the regulator;
- k,—amplification factor, k;,—integration factor, k;—derivation factor.

The parameters of the PID regulator have the following values: k, = 0.6,
ki = 14, k; = 0.01. The output signal of the voltage regulator is the PWM control
signal for the supply voltage source of the excitation coil of the three-phase synchronous
generator. The operation of the three-phase synchronous generator is analyzed in two cases.
(@) The rpm of the rotor of the three-phase synchronous generator is kept constant, and the
reference value of the line voltage is modified. With an increase in the reference voltage
from 400 V A.C. to the value of 410 VA.C., the supply voltage of the excitation coil will
increase from 55 V D.C. to 57.5 V.D.C. and the voltage of the synchronous generator will
increase from 399.68 VA.C. to 409.43 VA.C. With a decrease in the reference voltage value
from 400 V A.C. to 390 V A.C,, the supply voltage of the excitation coil will decrease from
55V D.C. to 53 V D.C. and the voltage at the terminals of the three-phase synchronous
generator will decrease from 399.68 V A.C. to 389.65 V A.C. The results of the measurements
are presented in Table 3 below.

Table 3. The results of the measurements for case (a).

No Uref Ugen Signal Uex Iex Uencod.  Error
’ V) V) PWM V) (A) V) e(t) (V)
1 390 389.65 168 53 0.36 3.99 0.35
2 395 394.90 170 54 0.37 4.03 0.10
3 400 399.68 173 55 0.38 4.07 0.32
4 405 404.50 175 56.5 0.39 4.09 0.50
5 410 409.43 178 57.5 0.395 4.14 0.57

(b) The value of the reference line voltage is kept constant, and the rpm of the three-
phase asynchronous generator is modified. The rpm of the generator rotor is modified
through variation in the voltage frequency at the output of the static frequency convertor
that supplies the three-phase asynchronous motor. With an increase in the frequency of the
supply voltage of the three-phase asynchronous motor, the rpm of the rotor of the three-
phase synchronous generator will increase, and this will lead to an increase in synchronous
generator voltage. In this case, the voltage regulator will lower the supply voltage of the
excitation coil. With a decrease in the frequency of the supply voltage of the three-phase
asynchronous motor, the rpm of the synchronous generator rotor will decrease, leading
to a decrease in the voltage of the three-phase synchronous generator. In this case, the
voltage regulator will increase the supply voltage of the excitation coil. In conclusion, with
the modification of the rotor rpm, the voltage of the three-phase synchronous generator
remains constant throughout the variation in the supply voltage of the excitation coil. The
results of the measurements are listed in Table 4 below.
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Table 4. The results of the measurements for case (b).
No Frequency = Ugen Signal Uex Iex Uenc.

’ CSF (Hz) V) PWM V) (A) V)
1 40 399 243 79 0.51 4.06
2 42 398 225 75 0.49 4.06
3 45 399 201 65 0.42 4.07
4 48 399 182 60 0.39 4.07
5 50 400 171 55 0.36 4.08

With an increase in the frequency of the supply voltage of the three-phase asyn-
chronous motor from 40 Hz to 50 Hz, the value of the excitation coil voltage will decrease
from 79 V D.C. to 55 V D.C. and the voltage at the output terminals of the generator will
remain constant. In Figure 13, the variation in the excitation voltage is presented as a
function of the variation in the reference line voltage. Figure 14 presents the variation in
the excitation voltage as a function of the frequency variation in the supply voltage of the
three-phase asynchronous motor.

Variation of the excitation voltage in function
of the reference voltage

385 390 395 400 405 410 415
Uref (V)

Figure 13. Variation in the excitation voltage as a function of the variation in the reference line voltage.

Variation of the excitation voltage in function of the static
frequency convertor CSF
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80
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x

D 40
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30
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39 41 43 45 47 49 51
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Figure 14. Variation in the excitation voltage as a function of the frequency variation in the static
frequency convertor (CSF).
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4. Conclusions

This work presents a study on adjusting the voltage rate at the output terminals of a
three-phase synchronous generator using the EMBSIN 121 voltage encoder. The purpose
of this study was to enhance the quantity and quality of the electrical energy produced
by a three-phase synchronous generator. We achieved this both through simulations and
an experimental stand developed in the Electrical Machines and Drives laboratory of the
Engineering Faculty in Bacau. This work is innovative because the author developed three
models in MATLAB-Simulink to study voltage adjustment in a three-phase synchronous
generator with electromagnetic excitation in two distinct cases: case 1, running the three-
phase asynchronous generator with a variable load and constant frequency, and case
2, running the three-phase asynchronous generator with a constant load and variable
frequency. In the first case, the voltage is adjusted through an automatic voltage adjustment
system equipped with a proportional integrative (PI) controller or through a fuzzy logic
(FL) controller. The voltage is adjusted in the second case through an automatic voltage
adjustment system equipped with a PI controller. In the case of the automatic voltage
adjustment system with a fuzzy logic controller, the electrical energy supplied by the
three-phase synchronous generator will be higher than that using a PI controller (at the
moment, t =65 S¢e,_p; = 158.2 (VA) and Sgen_, = 230.7 (VA)). A comparative analysis of
the performance of the PI and FL controllers used in the AVR system against the controllers
presented in Ref. [27] shows that a lower voltage overshoot is achieved with the AVR
system employing the FL controller proposed in this paper. For the PI controller, the
voltage overshoot is 07 = 25%, whereas for the FL controller, it is 0o = 15%. To implement
the algorithm for adjusting the voltage of the three-phase synchronous generator with
the help of the EMBSIN 121u voltage encoder, the author also created a program in the
programming environment Arduino IDE. The experimental results demonstrate that the
voltage at the output terminals of the three-phase synchronous generator remains constant
when the reference voltage value is changed, as well as when the frequency of the supply
voltage of the three-phase asynchronous motor that drives the rotor of the three-phase
synchronous generator is changed via modifications to the supply voltage of the excitation
winding of the three-phase synchronous generator. The voltage encoder EMBSIN 121u has
an accuracy class equal to 0.5, and the voltage signal supplied by the encoder can be directly
connected to an analog/digital channel of the Arduino Mega 2560 development board.
This study could be used for three-phase synchronous generators with electromagnetic
excitation used to construct wind power stations.
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