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Resumo

Este trabalho tem a finalidade de apresentar novas contribui¢ées para os estudos de apli-
cagoes de maquinas elétricas, principalmente sobre analise de geradores de inducao e
sincrono em modo de operacao paralelo, incluindo estudos de transientes de geragao e
carga e contingéncias contra efeitos indesejaveis do aumento da frequéncia. Assim, em
resumo, os principais tépicos apresentados neste trabalho sao: (a) uma andalise dos ger-
adores de indugao e sincrono em modo de operagao em paralelo, (b) estudos de transientes
de carga e geragdo e, finalmente, (c) estudos de frequéncia aumentada para esta citada
topologia de geradores, as causas do aumento da frequéncia e alternativas para contro-
lar esses efeitos. Todo este contetido principal é suportado por anexos e apéndices que
contribuem com praticos e originais estudos relacionados a cada subsistema que fazem
parte dos experimentos principais, tais como: (i) reguladores de corrente e tensdo para
méquinas de corrente continua, (ii) circuito de disparo, (iii) reguladores de tensao para
geradores sincronos, (iv) sistema de acionamento em quatro quadrantes para méaquinas

de corrente continua e (v) placas de controle digital e analdgica.

Palavras-chaves: Controle em malha fechada; Gerador de Inducao; Gerador Sincrono;

Gerador Assincronos; Geradores em Paralelo, Sistema Elétrico Isolado.



Abstract

This work aims to present new contributions for electrical machines application studies,
mainly about analysis of induction and synchronous generators in parallel operation mode,
including studies of generation and load transients and contingencies against undesirable
effects of frequency increasing. Then, in summary, the main topics presented in this work
are: an analysis of induction and synchronous generators in parallel operation mode,
studies of load and generation transients and, finally, studies of increasing frequency for
this cited generator topology, the causes of increasing frequency and alternatives to control
these effects. All of this main subject are supported by appendixes that contributes with
practical and original studies related to each subsystem that is part of main experiments
such as: (i) voltage and current regulators for DC machines, (ii) firing circuit, (iii) voltage
regulators to synchronous generators, (iv) four-quadrant Driven System for DC Machine

and (v) analogical and digital control boards.

Key-words: Asynchronous Generator; Closed loop Control; Induction Generator; Iso-

lated Electric System; Generators in Parallel; Synchronous Generator.
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Introduction

In recent years, self-excited induction generators have been employed as suitable
isolated power sources in MHPP (Micro-Hydro Power Plants) and wind energy applica-
tions [5, 6, 7, 8, 9, 10, 11]. In wind power generating systems, the physical size of the
individual machines operating at maximum efficiency and dealing with regular routine
maintenance related to necessary interruptions, future growth and reliability are reasons
for them to be operated in parallel [12, 13, 14].

The studies related to /G and SG in parallel operation mode [15, 16, 17, 18, 19,
20, 21, 22] show a newer knowledge border, that show the results and behavior of this
kind of generation topology, including simulation results for an MHPP. Overall, one of the
main contributions of this work is the use of actual control loops in practical experiments
involving SG and IG in parallel operation and their optimization and adjustments [4,
23]. These control loops and experiments were mounted in the Laboratory of research

development of electrical didactic laboratory of Federal University of Itajubé.

This work is focused on the operational behavior of two different kinds of genera-
tors operating in parallel mode, their roles within the electric system, their controls and
characteristics of each generator, some transients and their effects, as well as studies and

implementations of control alternatives in order to avoid the undesirable transient effects.

As basis of the target study, this work presents various experiments accomplished
in this cited laboratory, which are related to DCM (Direct Current Motor) and their
speed and current control loops. The DCM are used as primary machine to SG and
IG. Then, it is essential that DC Mgq has speed control loop and DC Mg can be driven

manually due to their functional characteristics.

The SG requires synchronous speed rotation in its shaft regardless to load tran-
sients or any other disturbs on going in the electric system. On the contrary, the SG does
not operate. The SG shaft speed is sensible to disturbs and any other changes on going
in the electric system. It means that, speed regulation or speed control loop is required

for the SG primary machine or DC Mg in order to keep its shaft synchronous speed.

On the other hand, IG has different functional characteristics that make it able to
supply active power taking only into account its shaft speed be higher than synchronous
speed. As IG shaft speed increases above the synchronous speed, the supply power is
higher. The other characteristic is that, regardless of load changes or disturbs on going
in the electric system, its shaft speed and power supply is the same for the IG. Then,
these functional characteristics do not require any IG shaft automatic speed regulation.

It means that its primary machine or DC M4, in the case of these experiments studied in
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this work, do not need automatic speed regulation or any speed control loop. From these
cited reasons, the DC' M| speed is not automatically controlled, differently of the DC' Mg
speed that is automatically controlled. The control of DC' M| speed is done manually by
open control loop. The two methods used to change the DCM;q speed are: the Vapcoaia
(DCM armature voltage coupled with 1G) method and the field flux or Irponre (Field

current of direct current motor coupled with induction generator) method.

In general, the generators used in the industry are driven by gas or steam turbines.
One of the main characteristics of these turbines is the availability of keeping the machine
shaft speed even in adverse conditions as in load transients. The cited turbine speed
variation does not overcome ten percent independently of electrical system transients,
[24]. Then, in order to do the DCM;q closer to turbine behavior in the experiment
implemented in laboratory, two methods of DC' M speed elevation were studied in order
to rise the PIG (Induction generator power) supplied. First, the machine field flux is
decreased and, the second, the DC M armature voltage Vapcarrg is increased. The

increase of Vapcaric has better results than decrease of machine field flux.

In the experiments of this work, the wound rotor machine was used instead of
squirrel cage rotor machine. The wound rotor machine can have an extra advantage that
is the high startup torque due to resistors that can be connected at the induction machine
rotor circuit [25]. In this way, the induction machine can start directly as motor and it can
turn a /G by increase of speed up to this speed exceeds the synchronous speed as detailed
in chapter 1. Besides of likely higher wound rotor machine cost, the unique technical
considerable difference between the two machines considered in this work is that the
wound rotor machine can have a higher startup torque and then it permits an additional
option of synchronism between the /G and SG, that is the method of direct startup as
mentioned in chapter 1. Then, except that mentioned difference, the results obtained with
wound rotor machine can be also considered identical to results with squirrel cage rotor
machine. Considering that explanation, the results of this work are valid to as wound

rotor machine as squirrel cage rotor machine.

One of the potential motivations for this study is to identify a potential alternative
capable of optimizing the main electric system currently adopted in oil platforms or F'PSO
(Floating production storage and offloading), making them cheaper, simpler, lighter and
more efficient. The oil platforms use traditionally three of four SGs in parallel operation

mode.

Analysis of a generator’s power balance and its interactions is presented in this
work in various operational scenarios. The results enable comparisons of the two methods
of induction generator speed control, by either the autotransformer method or the field
flux variation method. The former results in a larger range of speed and power from

the induction generator. Therefore, it has more desirable features for actual operational
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conditions.

In order to provide a wider analysis of generators’ behavior under transient condi-
tions, this work shows the results of experiments and analysis about various operational
scenarios, some of which have challenging conditions to be overcome, that is the case of
increasing frequency which will be detailed in this work. The last chapter shows two ways
to control the system frequency when a frequency increase appears as a result of some

specific operative condition as detailed in this work.

As consequences of the frequency increase cited in chapter 2, this work also shows
two other experiments and analysis of how to control the frequency increase in an electric
system. The first is the insertion of a BL (Ballast load) control system and the second, the
insertion of an energy regenerating system ERS (Energy regeneration system) to enable
the system to return regenerative energy to the grid. Then, the former is more appropriate
for an isolated electric system and the latter is a didactic alternative and serves as basis of
comparison and evaluation. Both experiments achieved the expected results and enabled

system frequency control while the system voltage were kept.

In addition, this work shows six appendixes to the chapters 1, 2 and 3, as follow: the
appendix A says about filter and regulator project for direct current motor, DC motor,
appendix B says about analogical control Board for current and voltage control loops,
appendix C says about voltage regulators project to synchronous machine, appendix D
shows studies about a practical case using DC'M controls for driving in four quadrants
[26], appendix E calculates the induction motor parameters used in one of the experiments
of chapter 1 and appendix F shows the Matlab codes used to solve the equation system
indicated in chapters 1 and 2. Thus, these additional studies provide the basis of knowledge
[27] for the analysis of synchronous and induction generators in parallel operation mode
in an isolated electric system. These generators feed either a resistive load or a resistive

load and an induction motor together.
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1 Analysis of Synchronous and Induction
Generators in Parallel Operation Mode in

an Isolated Electric System

1.1 Introduction

This work is composed of analysis over an electric system that includes an induction
motor, a resistive load and an autotransformer connected to a diodes bridge to feed the
DC M armature, what permits to increase manually the /G electric power limits, [28],
[29] with better efficiency. Therefore, this work shows the IG supplying more active power
than it was shown in [28] and an induction motor inserted in experiment what enables an

wider analysis of the system behavior.

Two methods of DC' Mg speed elevation were studied in order to rise the PIG
supplied. First, the machine field flux is decreased and, the second, the DC M, armature
voltage Vapconq is increased. The increase of Vapenrg has better results than decrease

of machine field flux.

This work presents results that show additional remarkable characteristics by op-
eration in parallel mode between one SG and one IG. Some characteristics, such as re-
duced weight and size, easier maintenance, and shorter manufacturing and delivery time
are more associated with induction generators and are relevant to MHPP as demonstrated
in general introduction and they could also be to oil platforms. Besides, it has absence of

dc supply for excitation and better transient performances [20], [8].

In this chapter, the three different methods of /G connection into the electric
system were studied as follow: (i) direct startup as a motor and rising the induction
motor speed up to induction motor turns /G, (ii) synchronism of self-excited /G with the
electric system and (iii) adjustment of IG speed at synchronous speed and IG connection

into the system;

In the experiments of this chapter, the wound rotor machine was used instead of
squirrel cage rotor machine. The wound rotor machine can have an extra advantage that
is the high startup torque due to resistors that can be connected at the induction machine
rotor circuit [25]. For this work, the unique differential advantage by the use of this kind
of machine is making the first method of /G connection into the electric system available,

(i) direct startup as a motor and rising the induction motor speed up to it turns /G.

A potential application of this cited generator topology is in MHPP, which has
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already been partially tested as cited in general introduction.

Therefore, the study target is concerned for analysing various aspects of generators
topology and operating, involving an induction generator in parallel with a synchronous
generator for application in an isolated electric system, and establish the operational

viability aspects, advantages and challenges.

1.2 Isolated Electric System

The isolated electric system was mounted in laboratory as Figure 1.1 and sized as
shown in sections 1.5 and 1.6. The automatic controls of the system consist of a voltage
control loop and a speed control loop as shown in Figure 1.1. In this chapter, the three
electric system settings are shown in Figure 1.10, Figure 1.11 and Figure 1.12 will be
studied. The data plates of the principal equipment are shown from Table 1.3 to Table
1.6.

The electronic control boards shown in Figure 1.1 are indicated in 1.1. The parametriza-
tions used in both are shown in Table 1.2, except for the references of voltage and speed

for each one of control loops which are respectively 65.5 and 65.2 as shown in Table 1.2.

Laboratory AC/DC

2 converter Laboratory AC/DC

p converter
220V

— Voltage control loop 234 Vdc\ 220V

~ [
(ma) N 234vdc|
— Speed control loop 600 mA (m/y \
600 mA
TG = Tachogenerator
—a% SW SG
NS
— a6 LiécMsjV—D—‘ SG L)
S (YYY N §\\\\ / \
N | 333
< F10A =<2
|::| Variable resistance
F10A 0to3Q
/A\\ (
(A)12A () 500 12A(R)

J

Demarrador
Rheostat

Capacitor bank 3
C = 40pF [ﬂ
+«0to336V
20V \
< (Y 8| )
NS /
0to'~240V /
Varivolt*

N—

0.95kQ 83kQ

.

- I B
0.95kQ 79.1kQ
R O\
{ )
t- Nim
2/3 kW 2/3 kW Motor 0,37 kW

Figure 1.1 — Electric Scheme

*Note: The maximum varivolt output voltage shown in Figures 1.1, 1.11, 1.12 and 2.3 is
a bit upper than 240 V.
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1.3 Digital Control Board

The digital control board MP 410T aims to control the three-phase thyristor bridge
firing angle. After the correct connections between the thyristors bridge and the electronic
board, the MP 410T board can be set as shown in Table 1.1, so that all firing gates from
thyristors bridge operate properly. It means that all firing angle turn itself controlled by
the MP 410T electronic board. All reference signals from control loops are connected to
MP 410T such as speed and field voltage references. This kind of electronic board are
inserted in the circuit as part of speed and voltage control loops as shown in Figures
1.2 and 1.3. The correct connections and electronic board configuration are necessary to
proper operation of MP 410T. The terminal descriptions of electronic boards MP 410T
follow in the Table 1.1.

Note: The analogical control board will be used in the experiments described in

chapter 3 and it will be detailed in appendix A.

220V Speed |
—F— . Transducer

MP410T

Figure 1.2 — MP 410T in Speed Control loop

220V “ —
#Z

Voltage
| Transducer

MP410T

Figure 1.3 — MP 410T in Voltage Control loop
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Table 1.1 — Terminal Descriptions of SEMIKRON MP410T Electronic Board

Terminal Name Description
1 10 10 V voltage source to 3 and 5 outputs
2 VCC 5 V voltage source to 3 and 5 outputs
3 LIM Limitation display
4 F _RAMP Running display
5 INHI _OUT Inhibition display
6 GND Earth to 3 and 5 outputs
7 INHI IN inhibitory input
8 TERMO Thermostate input
9 START _STOP Start stop input
10 POT_KEY The reference value is put in through by poten-
tiometer or keyboard. Once set STARTER the en-
ergy save mode is disabled.
11 GND Earth to 1 and 4 inputs
12 RS485+ Positive terminal to RS485 bar
13 RS485- Negative terminal o RS485 bar
14 5 Voltage source of 5 V
15 -5 Voltage source of -5 V
16 CON_IN_TEMPE | Temperature sensor input
17 AGND Temperature sensor earth
18 IN 0 5 Reference value input to the range 0V to 5V
19 IN 0 10 Reference value input to the range 0V to 10V
20 AGND Reference value earth
21 INTI+ Pos! terminal of analog? differential current input
22 INTI- Neg? terminal of analog. differential current input
23 START STOP START STOP input
24 AGND Voltage analogical input Earth
25 L1 Analogical current input for current transformer
26 L2 Analogical current input for current transformer
27 COM Common to current analog. input to current trans-
former
! positive
2 negative

3 analogical

1.3.1 MPA410T Electronic Board Parameterization

The MP 410T board was parametrized as shown in Table 1.2.
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Table 1.2 — Electronic Control Board Configuration

Memory Name ( abbreviation at Value (unit)
Position display)

0 Local Remote (LR) 0(0=local)

1 Adres (Ad) 1(default)

2 Configuration 9 (CF) 1B6C

3 Phase Difference (DY) 0°

4 Auto Manual (Am) 0(0=auto)

) Peak (P) 66.0%

6 Time Peak (PS) Os(default)

7 Pedestal (D) 66.0%

8 Ramp Up (RU) Os

9 Ramp Down (Rd) 0s

10 Lim Intensity (CL) 0

11 Max Intensity (Cm) 0

12 AL Temperature (HL) O=non(default)

13 Com Temperature (Hm) 0

14 AL _ Failure Phase (PA) O=non(default)

15 AL_ Failure Thiristor (SA) O=non(default)

16 Energy Saving (ES) 0

17 Regulation Mode (Rm) 1(1=voltge)

18 Linear (LI) 1(1=yes)

19 Reference Value (E) 65.2%(speed) or

65.5%(voltage)

20 KP_Intensity (PC) non used

21 TI_Intensity (IC) non used

22 TD_ Intensity (DC) non used

23 LIM_ Voltage (VL) 1(1=yes)

24 MAX_ Voltage (Vm) 99.9%

25 KP_ Voltage (PV) 0.10 both
controller

26 TI_Voltage (IV) 0.04s both
controller

27 TD_ Voltage (DV) 0.0

28 Input_ Intensity (CI) 0 (default)

1.3.2 Voltage and Speed Control Loops

The Figure 1.4 and Figure 1.5 show the close control loop used to control the SG
voltage and frequency via electronic boards which are shown in Figure 1.10, Figure 1.11
and Figure 1.12.

Note: In Appendix C, an analogical control board was used in the generator field
voltage control loop instead of digital control board as this one described here. In addition,
that regulator was parametrized by symmetrical optimization technique. The information

contained in Appendix C adds this issue.
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VY +

Speed
reference

Field voltage
reference

Converter or

Pl > Controller
v
Tacho Generator
Voltage Input DCMse

Figure 1.4 — Speed Control Loop

Converter or

Pl » Controller
\ 4
SG Terminal voltage 3§|I;eglg

Figure 1.5 — Field Voltage Control Loop

The figure 1.6 shows the configuration 1B6C used for the two thyristor-converter
bridges which were used in these control loops.

R

S

T

Ad

Q4
K4

Q1
K1

A6

Q6
K6

Q3
K3

A2

Q2
K2

Q5
K5

Figure 1.6 — Converter Configuration used for control Operational Scenarios

1.3.3 Arrangement

The figure 1.7 shows the connections arrangement of MP410T electronic board.

Figure 1.8 show the circuit boards with the respective working point or reference

points defined during parameterization for the speed control loop, 65.2, and the voltage

control loop, 65.5.

The master and slave behavior between generators were realized, considering that
the SG is the master for the system frequency and voltage. The /G is master for the active

power and the slave for the system frequency and voltage. SG' determines the frequency
and voltage, while /G controls active power supplied to load.

©
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Figure 1.7 — Electronic Board MP410T and Connections

(a) Speed Control Loop (b) Voltage Control Loop

Figure 1.8 — Circuit boards MP410T used to implement the Control Loops

1.4 Data Plate

In tables 1.3 to 1.8 are shown the main equipment’s data plates. The tables 1.7

and 1.8 show the loads data plates that are used in the experiments along this work.

Table 1.3 — DC'M;s Data plate

Direct Current Motor 1G
220 V | 7.72 A [ 1500 rpm | 1.7kW | 600 mA
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Table 1.4 — DC Mg Data plate
Direct Current Motor SG
220 V [ 9.1 A [ 2.0 kW | 1800 rpm | 600 mA
Table 1.5 — IG Data plate
Induction Generator (IG)
220 V | 7.5 A [ 1.86 kW [ 1410 rpm | 0.8 PF | 50 Hz
Table 1.6 — SG Data plate
Synchronous Generator (SG)
230 V [ 5,0 A | 2,0 kVA [ 1800 rpm | 0,8 PF | 60 Hz
Vfield: 220 V Ifieldmax: 600 mA
Table 1.7 — Load Data plate
Resistive Load
Load 1 (kW) | Load 2 (kW) | Load 3 (kW)
2/3 2/3 2/3
Table 1.8 — Load Data plate
Induction Motor
0.37 kW | 1715 rpm | Cos ¢ 0.71 | 60 Hz
1.5 Equations - Part |
Follow the main equations:
e Direct Current Motor
E
— 1.1
"= ixe (1.1)
U,— (X R,) x 1,
— 1.2
n kX o (1.2)
Ceonjugate = k X ¢ X 1, (1.3)
e Synchronous Generator
E=U,+ (R, +jX,) x I, (1.4)
e Induction Generator
Suip = =% 5 100 (1.5)

N
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120 % fSG

Pnumberofpoles

(1.6)

ng =

1.5.1 Capacitor Bank Sizing

As informed at the IG data plate, cos¢=0.8, then sing=0.6. The reactive power

is calculated to attend the reactive demand of the Induction Machine [30].

Q=V3xVxIxsin®. . Q=+v3x220x75x0.6=1714.7Var (1.7)

Qgenerated = F,. X Q SoF. =12 (18)

For the induction machine coupled to a resistive load, it is necessary a reactive
power generation to be approximately 2057.6 VAr as demonstrated below. The 50 Hz was
used in the calculus because it is one of the frequencies used in the experiments and it is

that which results in the biggest capacitance.

Qgeneratea = 1.2 x 17T14.7 = 2057.6 Var (1.9)
3 x V2

Qgenerated = Xc (11())

3 x 2202
=222 2060 1.11
2057.6 00 (L10)

1 1

C (1.12)

:2><7r><f><Xc:2><7r><5O><XC

1
2% 7w x50 x70.6

= 40uF per phase (1.13)

1.5.2 Resistive Divider Sizing

e Field Control Loop Resistive Divider as shown in Figures 1.10, 1.11 and 1.12.

(1k’Q + 7’1)— > 300 ‘/(outputvoltage) (114)

ro(1k2)— > 4AVipparor—vorrace—rnimir) (1.15)



Chapter 1.  Analysis of Synchronous and Induction Generators in Parallel Operation Mode in an
Isolated Electric System 38

ry="T74kQ and ro = 1 kQ (1.16)

e Resistor Power Sizing:

3007

Prower = = = 1.2W 1.17
P (75 x 103) (1.17)

e The resistors that were selected based on the sized resistor, were:

r1 = 79.1kQ ro =947 Q (1.18)

e Speed Control Loop Resistive Divisor as shown in Figure 1.10, 1.11 and 1.12.

(1kQ + T'l)_ > 36‘/(tachogene'ratoroutputvoltage) (119)
r2(1kQ)— > 4 Vimrpratovoltagetimit) (1.20)
r1=8kQandry =1k (1.21)

e Resistor Power sizing:

362
Prower = ——— = 114 W 1.22
P (9 x 103) (1.22)

e Based on the sized resistor, the following resistors were chosen:

r1 = 8.3 kQ and ro = 947 Q (1.23)

1.6 Equations - Part Il

Follow the system of equations to calculate the power and efficiencies shown in

Tables 1.9, 1.10 and 1.11 for each generator and entire group of machines.

I3 = Twig + I (1.24)

Lo = Twig + 13 (1.25)

[c - [cl + 102 (126)
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Twipaar = Twse + Twig (1.27)

Ie = Lywmr = I + Lo (1.28)

Twipaar + Twyr = Twsg + Twig (1.29)

The Isq (Synchronous generator current), I;q (Induction generator current), Io
(Capacitor current) and [wjoaqr (R Load Active current) are measured values and these
are shown in Tables 1.9, 1.10 and 1.11. The Idwy (Induction motor reactive current)
and Twyr (Induction motor active current) are values calculated as appendix E and these

are also shown in Table 1.11.

Then, the system has 4 four variables and 4-four equations. Then, for each sce-
nario, the four variables, Twgs (Synchronous generator active current), Ic; (Capacitor
current 1), Twe (Induction generator active current) and Icy (Capacitor current 2),
were calculated by Matlab software as appendix F and these are shown in Table 1.9, 1.10
and 1.11.

The entire group efficiency 1g.oup (Group efficiency) and the efficiency of each
subgroup, nsg (SG efficiency) and ;¢ (IG efficiency), were calculated based on PIG,
PSG (Synchronous generator power), Ppoysa (Power of direct current motor coupled
with synchronous generator), and Ppoara (Power of direct current motor coupled with

induction generator), as follows.

Pse; = V3 x Vg x Twsg (1.30)

Pre = V3 x Vig x Twg (1.31)
Ppemse = Vapemse X lapeuse (1.32)
Ppemic = Vapemic X Lapemic (1.33)
Mgroupts = Psat e g0 (1.34)

Ppeyvsa + Ppomia

P
Nsan = ——2— x 100 (1.35)

Ppcmsa
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P
—1% %100 (1.36)

nic% =
Ppcmia

1.7 Equations - Part Il

The equations e calculus used to determine the I'M (Induction motor) parameters
and I'M equivalent circuit such as the primary and secondary impedances and also the

primary and secondary currents are showed in Appendix E.

1.8 The Experiment and Schemes

The experiment was mounted in the laboratory as shown in Figure 1.9 a) and b).
The detailed circuit is shown in Figures 1.10, 1.11 and 1.12.

Figure 1.9 b) shows another experiment view, including the taco generator and its

connections. The detailed circuits are shown in Figures 1.10, 1.11 and 1.12.

The power from I'G, PIG, was limited because the I;pcasre reached the maximum
value in accordance with DC' M, current specifications. This limited speed from DCM ;¢
was a challenge because the low speed resulted in low contribution from PIG. Then, it

was necessary to elevate the DCM;q speed, n;q (Induction generator speed).

Then, the methodology consists of implementing the comparative analysis of the
power and efficiencies, starting with an analysis between the PIG from the scheme in
Figure 1.10 and PIG from the schemes in Figure 1.11 and Figure 1.12, covering the
scenarios shown in Table 1.11, Table 1.9 and Table 1.10 respectively.

Finally, a comparative efficiency analysis was conducted for two subgroups, one
composed of IG and a DC M, and the other composed of SG and a DC Mgq. These
analyses are done over the scenarios related to the scheme in Figure 1.10, the scheme in

Figure 1.11 and the scheme in Figure 1.12.

Thus, the increase of DC M speed results in increase of the PIG contributions

and IG subgroup efficiencies such as they are shown in the results.

The Figure 1.11 and Figure 1.12 show the schemes implemented in the laboratory
to overcome the challenge related to limitation of /G speed [28] such as bringing the
experiment closer to actual conditions and taking into advantages of /G power capacity.
It was used as an autotransformer connected to a diodes bridge to vary the voltage applied

on the DC Mg armature circuit and obtain a higher speed and PIG.
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a) FrontVlew [ e ")\'/hu‘: ‘n ‘
e -

SG
_ Synchronous
Generator

&% Induction
Generator

4

Rotor
Resistence

(a) Front View

.]f"’*uL_l-.

Tachogenerator

(b) Lateral View

Figure 1.9 — Laboratory assembly in the laboratory of research development of electrical
didactic laboratory of Federal University of Itajuba

1.8.1 Methods of IG Connection into the Electric System

This work studies three different methods of /G connection into the electric system
such as: (i) direct startup as a motor and rising the /G speed, (ii) synchronism of self-
excited IG with the electric system and (iii) adjustment of /G speed at synchronous speed

and connect it into the system [28].
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Figure 1.10 — Synchronous and Induction Generators in parallel Operation Mode with
Steady Armature Voltage for DC' Mg (Variation of DCM;q field flux by
field Rheostat)
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Figure 1.11 — Synchronous and Induction Generators in Parallel Operation mode with
Variable Armature Voltage for DC' M (DCM;s Steady field flux)

e Direct Startup

For this option, the induction machine is started up directly as motor. In this case,
rotor resistance was necessary to reach the required torque for start up as shown
in Figure 1.12. After start up, the IG speed is raised by manual command up to
it overcomes the synchronous speed. In this moment, the induction motor becomes
the IG.

e Synchronism of self-excited /G with the Electric System
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Figure 1.12 — Synchronous and Induction Generators in Parallel Operation mode with
Variable Armature Voltage for DC' Mg and an Induction Motor as Load
(DCMjq Steady field flux)

For this option, the induction generator is auto-excited and the capacitor bank is
required and connected in the IG directly as well as the interconnection switch,
SW (Interconnection switch), is placed beside of capacitor bank as shown in Figure
1.12 by green arrow. For this option, it was used a synchroscope for closing the
interconnection switch.

C(Nxm)
A

Speed= 1500 rpm for 50 Hz
Fluctuation point

Induction motor

\

rem
Induction generator

Figure 1.13 — Conjugate vs rpm - Induction Motor and Generator

e Adjustment of IG Speed at Synchronous Speed

Considering the scheme shown in the Figure 1.12, the IG speed was led to close and

below the fluctuation point, it means some value close to point where the torque or
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conjugate is null as it can be seen in Figure 1.13 bellow. The fluctuation point is
at the intersection with rpm axis. The interconnection switch shown in Figure 1.12
was closed when the Induction motor speed is in the fluctuation area. From this IG
speed, the DC' M speed should be raised up to overcome the fluctuation point to

become the induction motor an induction generator.

For this option, the IG is not auto-excited, the reactive is obtained from the grid.

1.8.2 Experiment Data

The experimental data obtained in the laboratory are shown in Table 1.11, Table
1.9 and Table 1.10. The Table 1.9 shows the data obtained from the scheme in Figure 1.11,
Table 1.10 shows the data obtained from the scheme in Figure 1.12 and Table 1.11 shows
the data obtained from the scheme in Figure 1.10. The unique difference between Figure
1.11 and Figure 1.12 is the presence of I M in Figure 1.12 as additional load. The difference
between the Figure 1.10 and the others is basically the presence of an autotransformer in
the DC M;¢ field circuit and an additional motor as load in Figure 1.12.

The autotransformer is responsible for applying a voltage range directly on the
DC M;q armature to obtain a larger speed range of the DC M and to push more power
to the IG, keeping the DCMjq parameters into the rated values. Hence, the elevation
of I1G speed and power depend on DC M;s armature voltage, Vapcare. It means that
the DC' Mg speed control method used for the scheme in Figure 1.10 is different of the
method used in the Figures 1.11 and 1.12. The /G speed of scheme shown in Figure 1.10
depends on just the DC' M field flux because Vapeaia is steady. The DC M field flux

is adjusted manually and Vapconre as well.

In summary, the Table 1.11 shows the data obtained from the scheme shown in
Figure 1.10 that has the 234 V. steady source; Table 1.9 and Table 1.10 show respectively
the data obtained from the schemes shown in Figure 1.11 and Figure 1.12. These schemes
have an autotransformer and a diodes bridge as substitute of the 234 V. steady source
shown in Figure 1.10. The difference between Figures 1.11 and 1.12 is the induction motor

that is inserted as additional load in Figure 1.12.

Then, from these three schemes, the data obtained from each operation scenario
into a same scheme are analyzed and compared among themselves. The generators per-
formances between different schemes are analyzed and compared considering the similar
operational scenarios under tests and the respective schemes’ differences. The results are

shown along this work.

Note: The abbreviations n.a. (Not applicable) shown in scenarios 1, 1C and 1B of
tables 1.9, 1.10 and 1.11 refer to values not used in SG and IG power graphics. The cited

graphics are based on the scenarios 2 onwards.
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1.9 Results

The results show graphs, analysis of configurations presented in Figure 1.10, Figure
1.11 and Figure 1.12 and analysis of contribution from each generator for each arrangement
of load, that is ether a resistive bank or three resistive banks added with an induction

motor.

All graphs obtained from scheme in Figure 1.10 [28] are based on a system fre-
quency of 55 Hz. For the others experiments from Figures 1.11 and Figure 1.12, the system
frequency is 60 Hz. Then, the synchronous speed for the experiments from Figure 1.10 is

1650 rpm, see the equation 1.6, and 1800 rpm for the other experiments.

In order to highlight the contributions from autotransformer and Diodes Bridge
to the experiments, it will be presented some analysis based on graphs and experiment

results.

Figure 1.14 shows that the P/G was limited to 1164 W in scenario 2 from Table
1.11 because the over current of Iapcnig (Direct current motor induction generator arma-
ture current) 9.8 A, that is a value greater than the rated Iapcare of 7.72 A as Table 1.3.
To overcome this barrier, an autotransformer and a diodes bridge were installed to widen
the voltage range applied over the DC M/ armature, as shown in Figure 1.11 and Figure
1.12. The armature voltage range with the autotransformer and diodes bridge can vary
from 0 to 336 Vg, (Direct current voltage). This range is bigger than the previous case with
Vapenia of 234 Vy.. As the DC' My speed, njq, is directly proportional to Vapconra,
1.2, the n;q is elevated proportionally with the Vapconra, as shown in scenarios 2 to 8
from Table 1.9 and Table 1.10. Then, in this latter method, Tapcarre variation depends
on the load conjugate variation only, whereas the DC'M;q flux, ¢, remains constant as
1.3.

Power (W)

PI1G vs PSG
2500 A
2000 g |
td
rd
‘ rd
1500 7 1770 rpm -
-~ _ - - & -PIG (W)
1000 | = < 31707 rpm
*” T =~ 41693 rpm - ¢ -PsG (W)
500 - ~ \1283 rom PSG + PIG
~
~ <1663 rpm
Y
0
2 3 4 5 6
Scenarios

Figure 1.14 — PIG vs PSG with DC M Field Variation and Vapcara kept Constant

Figure 1.15 and Figure 1.16 shows that the power range supplied from /G, PIG,
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through the autotransformer method, is greater than PIG of 234 V,. steady source
method. Consequently, the PSG supplied from this autotransformer method is lower
than the PSG supplied from 234 V. steady source method. Both methods feed the entire
resistive load as shown in Figure 1.14 and Figure 1.15, and the resistive and motor load

as shown in Figure 1.16.

Pawer{) PIG vs PG
2500 1
5000 | 19053
1896 rpm P
1500 1 & _ 1878 rpm Pl
o 1857 rpm o
Sea L —&= PIG (W)
1000 1 :xi848 rpm PSG + PIG
.
_-- \‘1821 rpom - B - PSG (W)
50 .- e
[ 4 N\
\
’1794 rpm

2B 3B 48 5B 6B 7B 8B

Scenarios

Figure 1.15 — PIG vs PSG with Vapeae Variation and Field flux kept Constant (Only
resistive load)
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N,
’4‘557})"1 - = PIG (W)
1000 -
/ 4 \‘\ 1\843 rpm PSG + PIG
- S o 1821 rpm =% = PSG{W]
500 _a’ *
4 \
1 N 1793 rpm
.l

-~ ¢
0 2 g

2C 3C 4C 5C 6C 7¢C  8C

Scenarios

Figure 1.16 — PIG vs PSG with Vapca e Variation and Field Flux kept Constant (Re-
sistive load & IM)

In Figure 1.17, Figure 1.19 and Figure 1.20 show the comparative results of /G and
SG primary machine output power, Ppoyrra vs Pponsa- These performances are similar
to PIG and PSG performances shown in Figure 1.14, Figure 1.15 and Figure 1.16. The

Ppevre in Figure 1.17 elevates because a field flux decreases and Vapeara kept constant.
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The Ppcoyre in Figure 1.19 and Figure 1.20 elevates because of the Vapcora increases,

which is manually adjusted by the autotransformer shown in Figure 1.11 and Figure 1.12.

Power (W) PDCMIG vs PDCMSG
4000 -
3500 -
o - - - - ® - e - @ ——— _ o--" -
3000 - »
-7 © — PDCMIG (W)
2500 1 1720 rpm -
® -
2000 1707 rpm—o~ ~ ~ & — PDCMSG (W)
1500 - _%=C 1693 rpm
e B ¢ 1683 rpm ~ ® - PDCMIG + PDCMSG
1000 o
1663 rpm
500 ®
0
2 3 4 5 6
Scenarios

Figure 1.17 — Ppcara vs Ppovsag with DC Mg Field Flux Variation and Vapeoa g Kept
Constant

Figure 1.18 shows that the system voltage and frequency are kept the same even
with the resistive load is connected or disconnected, showing a good regulation control in
system voltage and frequency [28]. This voltage and frequency performance was realized

in all scenarios of load transients with the loads shown in Tables 1.9, 1.10 and 1.11.

VsG x fsG x ILoad
28 228 228 228 228 228 228 228 250
O e LI R T

I load -
(4) 55 55 55 55 55 55 5 |
61 = = mfm = == = === |
3 f"""‘“’“""’\ == ILoad (A)
¢ / \ L 100
SJ / -=¢= VSG (V)
\
2 / \ [ 50 =e=fsG (H)
:j| /
\
0 = ‘ : : - 0
1 2 3 4 5 6 7 8

Scenarios

Figure 118 - VSG X fSG X ]load

The efficiency results shown in Figure 1.21, Figure 1.22 and Figure 1.23 show
each subgroup efficiency for each scenario and load conditions. Each subgroup efficiency
is resulted from relation between a generator and its respective DCM (Direct current

motor) as shown in equations 1.32 and 1.33.

In summary, the following scenarios are shown: scenarios 2 to 7 (without autotrans-
former), scenarios 2B to 8B (with autotransformer and just resistive load) and scenarios

2C to 8C (with autotransformer, resistive load and induction motor).
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Figure 1.19 — Ppoaig vs Pooumsa with Vapeare Variation and Field Flux Kept Constant
(Only resistive load)
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Figure 1.20 — Ppconra Vs Ppovsa with Vapea g Variation and Field Flux Kept Constant
(Resistive load plus IM)

The IG subgroup efficiencies shown in Figure 1.22 and Figure 1.23 are bigger than

IG subgroup efficiencies from similar scenarios in Figure 1.21. Moreover, the elevation

of power from IG due to the increase of DC'M;s speed, njqg, is more representative of

actual conditions. For instance, the turbines can assume whatever speed required from

generators in offshore platforms.

The reduction of losses resulted in better /G subgroup efficiency as shown in Figure
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1.22 and Figure 1.23. Figure 1.21 shows the machine’s efficiencies when the Ifpcare or
field flux decreases to elevate the speed. The efficiency improves when the Vapoaia

elevation method is applied as shown in Figure 1.22 and Figure 1.23.

The efficiencies shown in Figure 1.22 and Figure 1.23 are higher than the efficiency
presented in Figure 1.21, that indicates the DC'M;q speed range is more restricted [28].

% NigVS Nse
100 1
90 -
80 -
>
70 - RRE PP SRR
Eg | 172_0_rp_m‘_ — =« 1693 rpm — & — |G Efficiency (%)
20 4 1707 rom 1683 rpm - & = SG Efficiency (%)
\
30 - \
20 - "
10 - \‘1\663 rpm
0 =
2 3 4 5 6 7
Scenarios

Figure 1.21 — nyg vs ngg with DC M/ Field Flux Variation and Vapcyr e Kept Constant
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- . - e 0,
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2B 3B 4B 5B 6B 7B 8B
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Figure 1.22 — njg vs ngg with Vapey e Variation and Field Flux kept Constant (Only
resistive load)
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Figure 1.23 — n;g vs ngg with Vapen e Variation and Field Flux kept Constant (Resis-
tive load plus IM)

1.10 Conclusion

The cited electric system shows voltage and frequency regulation for each scenario

transition as demonstrated in Figure 1.18, tables 1.9, 1.10 and 1.11 and respective analysis.

SG presented the master behavior for the system frequency and voltage as [28].
IG did the master behaviour for the active power and slave behavior for the system
frequency and voltage. SG controls the system voltage and frequency and /G follows the
voltage and frequency defined by SG. The IG establishes the active power supplied to
the system and the SG complements the rest of active power and reactive power required.
The PSG depends on the /G shaft speed imposed by DC' M. The PSG and the system
voltage and frequency are controlled respectively by field voltage and speed control loops

presented in Figure 1.10, Figure 1.11 and Figure 1.12.

It was realized a bigger PIG range in the scenarios shown in Table 1.9 and in
Table 1.10, than the scenarios shown in Table 1.11 due to Vapcarre elevation method.
The PSG fulfilled the load power automatically from the PIG manually adjusted by

autotransformer.

The field flux variation method of DC M, [28], does not result in Ppopre in-
crease, whereas the Vapcyra elevation method results in increase of Ppoyrg, PIG and
1 G subgroup efficiency. The increase of PIG is resulted from /G speed increase, n;q, that

was obtained by elevation of Vapcarg as shown in Figure 1.15, Figure 1.16, Figure 1.19
and Figure 1.20.

The use of Vapeuie method, instead of V. steady source or flux (I;pomic)
reduction method, enables to reach the Iapcyrq limit of 8.0 A and 1893 rpm of DC'M;q
shaft speed. It is higher than the DC' Mg speed from V. steady source, see Figure 1.21.

The efficiencies from the Vapcy g elevation method were greater than those from
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the scheme with V. steady source [28], as shown in Figure 1.22 and Figure 1.23. Vapcua
elevation method does not have the additional current losses that the V. steady source

method have.

The V. steady source method consist of reduction of field flux ¢, Irpcumic, and

increasing of Iapcare as 1.3. Then, the IG speed, njg, is increased as equation 1.2.

The main losses for the V. steady source method are related to higher lapcara
elevation, F,) = RaxI aQDC wic, than the Iapcasra elevation caused by Vapearra elevation
method. Then, by use of V. steady source method, the Iapcng is elevated due to
reduction of Irpcarre. The higher Tapcare is, the higher losses are. Then, as the losses

of Vapcara elevation method are lower, the efficiencies are higher.

As shown in power performance graphs related to Vapcoare elevation method,
Figure 1.15, Figure 1.16, Figure 1.19 and Figure 1.20, the PIG and Ppcye are more

representative of actual operation conditions.

All of the followings three different methods of /G connection into the electric
system were implemented and the results were satisfactory: (i) direct startup as a motor
and rising the induction motor speed up to it turns /G, (ii) synchronism of self-excited
IG with the electric system and (iii) adjustment of /G speed at synchronous speed and

IG connection into the system;
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2 Load and Generation Transients of Syn-
chronous and Induction Generators in Par-
allel Operation Mode in an Isolated Electric

System

2.1 Introduction

This section presents an analysis of load and generation transients in an isolated
electric system with a parallel connection of one synchronous generator and induction
generator, each one coupled to a dc machine or primary machine as well as to a capacitor
bank. A resistive load is connected to the system. Changes in the load were intentionally
provoked. Then, each generator was removed, one at a time, and reconnected. The results

are shown here and the respective curves are analysed.

The results show the performance and responses of the cited system regarded to

either transients from load changes or from partial generation withdrawal [31].

Differently of scheme shown in Figure 1.10, the schemes shown in Figures 1.11,
1.12, 3.4 and in the Figure 2.3 have an autotransformer for actuating directly in Vapcnra
and permitting a greater speed elevation range and, then, a higher power contribution
from the IG. Furthermore, the current resistor bank consists of three individual bank

resistors connected in parallel, as presented in Figure 2.3 [28].

In the experiments of this chapter, the first method of IG connection into the
electric system was implemented, (i) direct startup as a motor and rising the induction
motor speed up to it turns /G. As the wound rotor machine was used instead of squirrel
cage rotor machine, that first method can be used to the experiments described here.
As already informed in general introduction and in chapter 1, the wound rotor machine
can have an extra advantage that is the high startup torque due to resistors that can be

connected at the induction machine rotor circuit [25].

One of the motivations of this study is related to the main advantages of in-
duction generators over synchronous generators which are: brushless construction with
squirrel-cage rotor, reduced size and weight, absence of DC supply for excitation, reduced
maintenance cost, and better transient performance [8]. As previously informed, the use
of wound rotor machine does not make invalid the results obtained in this work for squir-

rel cage rotor machine because the functioning of both machines is the same, except the
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possibility of increasing of wound rotor startup torque.

Then, this work presents conclusions about the system performance regarding to

load and generation transients.

2.2 lsolated Electric System
The isolated electric system was sized as shown by the equations and data given
in the following paragraphs. The equations are based on calculations in [32].

The system automatism consists of a voltage control loop and a speed control loop.

Both are inserted in the SG scheme, as shown in Figure 2.3.
The data plates of the principal equipment are shown in Tables 1.3 to Table 1.7.

The speed and voltage control loops are presented respectively in Figure 2.4 and

Figure 2.5.

The voltage and speed electronic control boards are shown in Figure 2.1, Figure
2.2 and Figure 2.3.

The parametrization used in both electronic control boards was shown in chapter
1, except de reference values of voltage and speed. The references of voltage and speed

control loops are respectively 68.6 and 60.1.

2.3 Data Plate

The equipment’s data plates are shown in tables 1.3 to 1.8. The tables 1.7 and 1.8

show the loads data plates that are used in the experiments along this work.

2.4 Equation - Part |

The equations of this section are the same used in the previous chapter as shown

in section 1.5.

2.5 Equation - Part Il

The equations 2.1, 2.2, 2.3 and 2.4 together with the equations 2.5 to 2.11 were em-
ployed to calculate the power and efficiencies as shown in the Table 2.1 for each generator

and the entire group of machines.

I = Twig + I (2.1)
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Iiq = Twig + Iy (22)

Io=1q+ I (2.3)

livad = Twipaar = Twsg + Twig (2.4)

As Isq, I1c, 1o and Twjeeqr are measured values, (see Table 2.1), the system has

four variables and four equations. Then, for each scenario, the four variables Twsg, Icq,

Twie and Ico were calculated by Matlab software as appendix F and result in values

shown in Table 2.1.

The entire group efficiency and the efficiency of each subgroup were calculated

based on PIG, PSG, Ppcusa, and Ppoarra as follows.

PSG:ﬁXVSlewSG

PIG = V3 x Vig x Twic

Ppevsa = Vapemsa X Iapomsa

Ppevie = Vapemie X Iapcmia

D — Ps¢ + Pig < 100
IO Ppemse + Ppemic
P
NsGc% — 5G x 100
Ppemsa
P
nNrewn — i x 100
Ppemia

2.6 Experiment and Schemes

(2.5)

(2.6)

(2.7)

(2.9)

(2.10)

(2.11)

The experiment was mounted in the laboratory as shown in Figures 2.1, 2.2 and

2.3.
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2.7 Voltage and Speed Control Loops

S
\
AC/DC
e

The Figures 2.4 and 2.5 show the close control loop used to control the SG speed

and voltage via electronic boards.
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The master and slave behavior of the generators (SG is the master and /G is the
slave for the system frequency and voltage) as well as the /G is the master for the active
power supply as verified and detailed in chapter 1 of this work. The frequency and voltage
are determined by SG, while the active power consumed at load is supplied by the IG
and complemented by SG.

2.8 Experimental Data

The laboratorial data are shown in Table 2.1.
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2.9 Results
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For each scenario and transition indicated in Table 2.1, the respective voltage and

current signal and their transition waveforms are shown below.

The oscilloscope configurations are: I;g, Isg and [},44: 100mV /A and 500mV /division.
Vo (Phase neutral voltage): 100 V /division or 50V /division. ngg (Synchronous generator
speed): 550 rpm/division.
Note: As the generators are in parallel connection, Vsg=V;q (Induction generator volt-

age)=V,, (Phase-phase voltage)= Vpn*\/g

e Load Transients: The load changes consist of removal and insertion of 2/3 kW. The
other 4/3 kW remain connected. Figures 2.6, 2.7, 2.8 and 2.9 show [;¢, Isc and
Vpn for scenarios 1 and 2. The figures show the actual state and values of these
parameters in accordance with Table 2.1. The I;¢ is advanced from V), because the

reactive bank supply during these scenarios. In scenarios 1 (no load) and scenario 2

(low resistive load),

Figure 2.6 — I;¢ and V), (Scenario 1) Figure 2.7 — Ig¢ and V,,, (Scenario 1)

[500av  JENE1100v  PM500as | : 500y JEREI00Y  [M500as |
Figure 2.8 — I;¢ and V), (Scenario 2) Figure 2.9 — Ig¢ and V,,, (Scenario 2)

Figure 2.10 reveals the automatic /g5 regulation upon removal and insertion of 2/3

kW from the resistor bank. Figure 2.11 shows that /;5 remains the previous values

with an identical load change.
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Figures 2.10 and 2.11 also show that V), keeps a constant value. This means that
the system regulation for load changes is managed solely by SG. The V), and V;¢

remains constant.

il 500av __Rckolooy  IMs00: ]

Figure 2.10 — Channel 1- Igg, Channel 2- Figure 2.11 — Channel 1-I;¢, Channel 2-V,,,.
Von- (2/3 kW is removed and (2/3 kW is removed and then
then inserted) (Scenario 2) inserted) (Scenario 2)

Figure 2.12 shows that I;; does not change with removal and insertion of load.
All the PIG that feed the load before the load change, still feeding the load after
the load change. The SG just participates this by complementing the load power

required.

Figure 2.13 shows that g4 adjustments for the load change in order to provide the

increased power required by the load.

Figures 2.12 and 2.13 also show that ngs does not change, and the SG’s controls
regulate the speed to synchronous speed for 55 Hz, 1650 rpm, always when the load

changes.

Figure 2.12 — Channel 1- ngg, Channel 2- Figure 2.13 — Channel 1- ngg, Channel 2-
Irg. (2/3 kW is removed and Isg. (2/3 kW is removed and
then inserted.) (Scenario 2) then inserted.) (Scenario 2)

e Generation Transients: The changes created in the generation system consist of

removal and insertion of each generator.
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Figure 2.14 shows that when SG is removed, the voltage system has a small drop
and the voltage regulation is lost. This shows that the voltage regulation is the
sole responsibility of SG. During the period that IG operates alone, the frequency
is bigger as observed in chapter 3 and Figure 3.23. A lower system voltage is still

remaining due to IG excited by capacitor bank and in operation.

Figure 2.15 shows the regulation of V,,, from the SG (master) when the /G (slave)

is removed.

il 1 I

|

WRPIVPYINPRTY

ENEvs00v  RERo 007 IM200s

Figure 2.14 — V,,,,, SG is removed and then Figure 2.15 — V,,,, in load. IG is removed and
inserted. Scenarios 4 & 5 then inserted. Scenarios 4 & 5

Figure 2.16 reveals good speed regulation from the SG when the IG is removed

and inserted.

Figure 2.17 shows that I assumes the /G load when IG is removed. In contrast
to I1G, SG realizes the IG is out and regulates itself to meet the demand and keeping the
previous voltage and speed as shown in Figure 2.17, Figure 2.18 and Table 2.1.

Call off  JEI500ay _ IM500s |

Figure 2.16 — SG speed. IG is removed and Figure 2.17 — I, IG is removed and then
then inserted. Scenarios 6 & 7 inserted. Scenarios 6 & 7

Figures 2.18 and 2.19 show Isg and I;g, which are representing respectively, the

smallest Is¢ and the biggest I;4 obtained in the experiment.

Note: In the case of Figure 2.18, the oscilloscope scale was set to 1000mV /A.
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Figure 2.18 — Igg. SG smallest contribution Figure 2.19 — I;5, IG biggest contribution
= 0.4A. Scenario 3 =6.9A. Scenario 3

Figure 2.20 indicates that IG continues supply a steady power to the load, even
with the SG removed. As SG is out, the system loses the voltage and frequency regulation.

In this condition, the system voltage and frequency are imposed by IG.

2500 - PIG vs PsG
s 2000 - Aveenn
< 1500 - >~ - — ==
2 =t =PIG (W)
o 1000 -
= —m=:PSG (W)
500 - lssS§ ++sA-+ Load (W)
0 —Ssag
4 5
Scenarios

Figure 2.20 — Transition between Scenarios 4 and 5

On the contrary, Figure 2.21 shows the transition between the scenarios 6 and 7, it
means when /G is disconnected, SG assumes the full load and still regulates the system

voltage and frequency.

2500 - PiGvs PsG
g 2000 Avsssssssssssnne A .‘.‘
= .
2 1500 - & ~ ““
& o* - & =PIG (W)
= 1000 - W
00‘ \ edpee PSG (\N)
q ®
e ¢’ e ~ w e+ Load (W)
° *
6 7
Scenarios

Figure 2.21 — Transition between Scenarios 6 and 7
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2.10 Conclusion

Regarding to load changes, with removal and insertion of load, the SG can regulate
the system voltage and frequency. The [gs adjustments to the new load demand, while
the I;5 keeps the previous values during transients. /G continues to supply the same

power previously set for.

Regarding to IG transients, IG removed or inserted, SG and its system can reg-
ulate the system voltage and frequency. This is running even if the /G is fully loaded or

1G is removed abruptly.

Regarding to SG transients, SG removed or inserted, /G is not capable of main-
taining the system voltage and frequency, because /G does not have the voltage and
frequency controls as the SG has. In this situation, the system frequency falls slightly as

well as the system voltage.

In addition, when the system has no load or has only 2/3 kW and the two machines
operating in parallel, when Ppcara is elevated to a value bigger than 600 W, the system
frequency exceeds 55 Hz. Then, the /G and DC'M;s group motorizes the SG, and the
DC Mg operates as a no load DCGgq (Direct current generator coupled with synchronous
generator). As it is shown in the scheme shown in Figure 2.3, there is not no other way
besides the load for receiving the generated power. Moreover, as the converter is operating
as rectifier instead of inverter, the generated energy does not have another way to be
regenerated or dissipated, then, the system frequency increases. When the system has 2/3
kW or 2kW connected, it is realized that the frequency does not exceed the rated value.
In this case, all generated power is being consumed by loads. It consists of scenarios two
to seven as shown in Table 2.1. Therefore, when Ppcyre is adjusted to a value bigger

than load power, the system frequency exceeds 55 Hz.

In the next chapter, it will be shown two systems capable to regulate the system
frequency in an electric system, the one of them is able to regulate the system frequency
in an isolated electric that uses BL (energy dissipation) and the other uses energy re-
generation to the grid. It requires interconnected system. This latter serves as a didactic

alternative only.
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3 Alternatives to Control the Frequency In-
crease in an Electric System with Syn-
chronous and Induction Generators in Par-

allel Operation Mode

3.1 Introduction

Based on [33], this chapter aims to demonstrate the increase in the frequency
of events that can appear in an isolated electric system composed of a SG in parallel
with an /G, the causes of this increase and two alternative methods of tackling this
problem. To achieve this, this work presents laboratory experiments that show how to
control the system frequency while maintaining the rated system voltage. The frequency
increase observed in this work is due to the generated power exceeding the load demand
as result of either generation in excess supplied by induction generator or a relevant load
disconnected from the system at the moment that the SG has no power capacity for
balancing the system power. This work then presents two alternative ways to control
the system frequency: by ballast load control or by returning regenerative energy to the
grid. This work also analyses an experiment involving SG removal while the G is still
operating and evaluates the consequences for the system frequency and voltage. Two

suggested improvements are cited for implementation in future works.

Some of the works related to SG and IG in parallel operation mode implemented
in the laboratory include speed and voltage control loops respectively applied on the SG
primary machine and the SG field circuit [31, 29, 28, 34, 25, 35]. Increasing frequencies
were observed in [31, 29]. The initial idea for the project of BL to frequency regulation
was shown in [29], but it was not developed, implemented or described, as shown in the
current chapter. The idea adopted in the current chapter was suggested as future work in
[31] and [29].

In addition, the BL method was used in [9] to regulate only the voltage in an
isolated grid fed by an /G, whereas this work uses a BL to regulate the frequency in an

isolated grid fed by either an /G and an SG in parallel mode or by an IG alone.

Based on the prior experiments involving /G and SG in parallel operation, manual
IG speed control is a third and more usual alternative to control the system frequency,
which has already been accomplished in [10, 29, 28, 34]. In brief, this third alternative
must obey the following rule: /G speed can rise up to the PIG limit, which corresponds to
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when the minimum PSG is supplied. Thus, the system frequency does not increase since
the SG continues to supply any amount of power. On the contrary, the system frequency

is increased.

Although there are some prior works on SG and IG in parallel operation mode
that report simulated or practical experiments [22, 16, 17, 18, 19, 20, 21, 31, 29, 28, 34],
none of these studies investigate all the practical causes of frequency increase that can
appear in the system due to the presence of an /G, as well as alternative schemes to
control the increasing frequency of events. Thus, this work intends to shown the causes of
frequency increase that can appear in an isolated electric system due to the presence of
an IG, as well as, two alternative schemes implemented in the laboratory to control the

increasing frequency.

The two laboratory experiments shown in the chapter are: first, the insertion of a
BL control system and second, the insertion of an energy regenerating system (ERS) to
enable the system to return regenerative energy to the grid. Both experiments achieved
the expected results and enabled system frequency control while maintaining the system

voltage control.

As already said in introduction of this thesis, this study is important in showing
the causes of frequency increase and to show a method of BL control that is useful for
MHPP application as cited in [9], [16], and [17], whose generation could be composed for
IG and SG in parallel operation mode.

3.2 Frequency Increase

The main causes of frequency increase investigated in this work are as follows: (7)
the elevation of generated PIG and the lack of PSG capacity to automatically compensate
for the increase in PIG, for a steady load; and (7i), abrupt removal of the load, which
leaves the lack of PSG capacity to automatically compensate for the removal of load
power from electric system, resulting in a frequency increase, as shown in Figure 3.1.
In order to ensure that the system voltage and frequency are constant and regulated in
this generator topology, the SG needs to continue to supply at least, a minimum amount
of power to the system. On the contrary, if the /G is supplying more power than that
demanded by normal loads connected, the synchronous machine is motorized and the

system frequency increases.

3.3 Laboratory Experiments

The normal operation of the SG and IG in parallel mode is summarized in Figure

3.2 considering the following clarifications. First, as the P/G decreases by acting on the
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M Pos: 0.00us Channel 1:

Green line
Transducer
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500my
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M 100s

Figure 3.1 — Transient frequency following load removal

speed of the IG primary machine DC' Mg, the PSG increases automatically by actuation
in the DC Mg¢ speed control loop in such a manner that the sum of the generated power
results in the power required by the load, 2 kW. Second, the frequency and voltage are
determined by the SG, while the active power consumed by the load is supplied by the IG
and complemented by the SG. Third, when the IG is disconnected, the SG assumes the
full load and continues regulating the system voltage and frequency as shown in [31, 29, 28]
and [34]. On the contrary, the IG is not able to regulate these parameters as shown in

31).

Power (W) PIG vs PSG
2500 - v
2000 7 ;g rpm ~
& o 1747 rpm
* _ 1731 rpm
1500 - AN
1715 rpm
“a
- PIG (W
1000 - 1694 rpm = PSG ((W))
Y
\ Load (W)
500 - \\ 1671 rpm
LN
N
0 ~o
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Operational steps

Figure 3.2 — SG and IG feeding the load

3.3.1 General Scheme

The electric system mounted in the laboratory is shown in Figures 3.3 and 3.4.

It consists of one SG, one IG, one capacitor bank, three resistor banks RB (Resistor
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bank)s, one ballast load BL, one induction motor /M, three converters, one analogical
regulator for one speed control loop, one digital control board for one voltage control loop,
one digital control board for one BL control loop, and instruments and devices such as

ammeter, voltmeters, and rheostats.

Wooden box Speed &
Current Regulators

o T e il Capacitor
as Yarlvolt | bank

Figure 3.3 — Lab Assembly (Front View)

Figure 3.3 shows the general circuit used to develop and test the laboratory exper-
iments performed in this work, mainly those implemented to control the system frequency
when it deviates from the rated value. Figure 3.4 shows all the control loops, namely the
speed control loop (in green), the voltage control loop (in blue), and the BL control loop
(in red). The capacitor was sized to supply 2057.6 VAR. This reactive power is required
by the /G when feeding the resistive load with 7.5 A.

The three closed loops, control boards, and the detailed circuit used in each ex-

periment are summarized below

Based on the Figure 3.4, note that the DC M, is driven manually by an auto-
transformer which applies a voltage of 0 to 336 V on the DC M armature, which result
in the speed setting and allows delivery of the corresponding power to the system, as

shown in [34].
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Figure 3.4 — Synchronous and Induction Generators in Parallel Operation Mode

3.3.1.1 Data Plates
The equipment data plates used in the experiments are shown in Table 3.1.

Table 3.1 — Equipment Data Plates

Direct Current Motor ;g

220V 7.72 A 1.7 kW 1500 rpm 600 mA ficidmax
Direct Current Motor s¢

220V 9.1 A 2.0 kW 1800 rpm 600 mA ficidmax
Induction Generator ;g

220V 7.5 A 1.86 kW 1410 rpm 0.8 pF 50Hz
Synchronous Generatorgsg
230 V 5.0 A 2.0 kVA 1800 rpm 0.8 pF 60 Hz
Vfield5 220V Ifieldmam: 600 mA
Load (kW) Ballast Load (kW)
Load 1  Load 2 Load 3 Load 5
2/3 2/3 2/3 0.5

Induction Motor (IM)
0.37 kW 1715 rpm 0.71 (PF) 60 Hz
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3.3.1.2 Digital Control Boards

A digital MP 410T voltage control board manufactured by Semikron is used to
control the SG voltage as shown in Figure 3.5. The same kind of digital board shown
in Figure 3.5 is used to control the BL. This kind of digital board is used in all the

experiments reported in this work.

The digital control board MP 410T attends the same goal of analogical firing
circuit and regulators together. In other words, MP 410T controls the firing angle of
thyristors in order to apply the correct voltage across DCM, primary machine of SG or

IG in response to required speed defined by speed regulator, for instance.

feedback
signal

aching) <:\

b = MR A
a) Voltage Control b) Ballast Load \T/
Board Control Board ®

D

RN NE RN
SRERERN

auash

Potentiometer
g wk_

cs 15 Thermal sensor workpoint

L “
= n RS 485 [

Kt 1
a1 10

el |-

1 a1 s S X

Thermal Inhibit
c2 Trip

POT- KEV'—:l START STOP
1

r
123455

Figure 3.5 — Electronic Board MP410T and Connections

3.3.1.3 Analogical Control Board

The analogical control board used as speed and current regulators in speed control
loop, see Figure 3.4, was totally developed in the laboratory of research development of
electrical didactic laboratory of Federal University of Itajuba, as detailed and demon-
strated in Appendixes A, B and D. This cited analogical control board was mounted in

an wooden box as shown in Figure 3.3.

The firing circuit shown in Figure 3.4 works together with analogical regulator,
appendixes A, B and D in order to control the thyristor firing angle and consequently
the applied voltage across machine terminals. This firing circuit was manufactured by

Datapool, located in Itajuba-MG, Brazil, and it is similar to firing circuit shown in Figure
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B.12 of Appendix B, that was totally developed and tested in the laboratory of research

development of electrical didactic laboratory of Federal University of Itajuba.

3.3.1.4 Speed Control Loop

Figure 3.6 shows the use of closed speed control loop highlighted in green in Figure
3.4, to control the SG speed via analogical regulator, firing circuit board and thyristor
bridge as detailed in [4, 23]. This speed control loop controls the SG direct current motor,
DC Mg, using (3.1)as the basis of control. As the tachometer [36] measures the trend
of the speed decrease, the speed control loop commands the U, (Direct current motor
armature voltage) elevation, indicated by the red up arrow in (3.1), what result in the

same motor speed indicated by the reference speed.

Speed reference
(1650 rpm) / 55.0 Hz

DCMSG DCMSG

Pl speed iri ; N
p| Plcurrent | | Firing | | conyerter —» electrical mechanical

regulator regulator circuit block block

n

Speed
feedback

Tacho Generator
Voltage Input

Figure 3.6 — Speed Control Loop

Ust — (X Ra)1,,
0 (3.1)

3.3.1.5 Voltage Control Loop

Figure 3.7 shows the use of the closed voltage control loop, highlighted in blue
in Figure 3.4, to control the system voltage via the SG field control using an electronic

board as shown in Figure 3.5. This control loop is removed in the SG removal experiment.

A Pl Converter
Voltage regulator

reference

Y

Voltage
feedback Transducer SG SG field

terminal voltage voltage

Figure 3.7 — Voltage Control Loop

In addition, this voltage control loop controls the synchronous-machine-terminal
voltage through field current settings that result in the terminal voltage equal to voltage
reference manually adjusted in the MP410T electronic board. This SG field current control
is based on the V-curve of the SG or SM (Synchronous motor) as shown in Figure 3.8.
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Figure 3.8 — V-Curve of SG or SM

Note: The V curves of the SG and SM are very similar. In this case, they are
considered identical except for the power factor curves which are permuted as shown in
Figure 3.8, [25]. The red colour is associated with the SM and the purple colour with the
SG.

For instance, when more one resistor bank RB is inserted in the system, the sys-
tem’s load departs from 33% and reaches 66% of 2kW, and the system voltage Vsg given
in (3.2)tends to fall a bit as indicated by the blue and brown arrows in (3.4) and (3.2)re-
spectively. Then, the voltage control loop measures this decreasing trend and increases the
field current Iy (Field current) so that the flux ¢ rises and the Vs keeps the same value.
In summary, the load rises, the M rises as indicated by the blue arrow in (3.4), I, (Direct
current motor armature current) rises as indicated by the brown arrow in (3.4), the SG
speed (n) tends to decrease as indicated by the green arrow in (3.3), and the voltage
drop across the armature impedance Ta x (Ra + jXa)) rises, Ia (Synchronous generator
armature current). So, the voltage control loop commands the I elevation, resulting in
elevation of ¢ as indicated by the red arrow in (3.3). Thus, the voltage control loop raises
the electromotive force Egq (Synchronous generator electromotive force), maintaining Vs

at the same value or at a value equal to the reference voltage [28].

Vsa = Esg — Ial x (Ra + jXa) (3.2)

ESG =k xnl x ¢T (33)



Chapter 3. Alternatives to Control the Frequency Increase in an Electric System with Synchronous and

Induction Generators in Parallel Operation Mode 74

Mt=kxoxI (3.4)

3.3.1.6 Ballast Load Control Loop

In addition to the BL control loop highlighted in red in Figure 3.4, Figure 3.9
shows the closed control loop used to control the frequency via the BL connected to
the system as shown in Figure 3.4. This control loop does not participate in the energy

regeneration experiment, in which the control was run in manual mode.

>+ PI Converter |«—
Frequency Ref. regulator
55.2 Hz / 1656 rpm i

Transducer Ballast

Load
i

Machine
terminal voltage

A

Figure 3.9 — Frequency Control Loop

Note that the reference frequency was adjusted to 55.2 Hz so that the BL control
loop assumes the frequency control instead of the speed control loop. At a working point
greater than 55.2 Hz, this control loop performs the system frequency regulation and
regulates it to 55.2 Hz as shown in Figure 3.9. At a working point lower than 55.0 Hz, the
speed control loop performs the system frequency regulation and regulates the speed and
system frequency to 1650 rpm and 55.0 Hz, respectively. This small difference does not
affect the cited electrical system but is relevant for the correct functioning of the control.
This measurement is accomplished by a high-accuracy frequency meter because, in other

ways, it is not perceptible. This BL control is described in more detail forward.

3.3.1.7 Control Board Parametrization

All the required parametrization configured in the laboratory for the two MP410T
electronic control boards is shown in Table 3.2. This parametrization is addressed to
the voltage control loop as addressed to the BL control loop. The rest of the MP410T
parametrization consists of default values that are not shown in this Table 3.2. These
ones can be found in [28, 23]. All of the values below were experimentally adjusted with

satisfactory dynamic system stability.
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Table 3.2 — Electronic Control Board Configuration

Memory Position Name (abbreviation at display) Value (unit)

1 Local or Remote (LR) Local (0)
2 Configuration 9 (C'F) 1B6C (Graetz (voltage))
W3C(antiparallel (BL))
16 Reference Value (E) 64.5% (voltage)
51.5% (BL)
19 KP_ Voltage (PV) 0.05 (voltage)
0.2 (BL)
20 TI_Voltage (IV) 0.1s

3.3.2 Ballast Load Control Experiment

Regarding the frequency elevation scenario described previously, the inclusion of
a frequency regulation system is necessary in order to keep the frequency stable at rated
values. In this case, a BL is used to control the frequency. This option, shown in Figure
3.10, is able to control the load within the BL power range. It is controlled in such a

manner that the frequency is kept at the rated values.

The BL is connected in parallel to the principal loads of the generators. In the fre-
quency control loop is set to a reference frequency and the feedback frequency is obtained
by signal from a frequency transducer connected to the principal generator terminals as

shown in Figure 3.10.

@9:[%/ SG [ Jvee IG :D:&Mle
\\ / T ‘\
Al k4 A3 | K6 as R
0tol00Hz (D ® ® ‘ |
o 14 G4 G6 i—QGZ | Others loads, devices
<‘>—A'<‘> FT e V i and control loops as
A4 A6 ®_/ A2 i shown in Figure 4
ON / OFF 4® @ 4® A
Start Stop Key KS( D—L
l'b' Vol Vbl
o 14 (+15V)
‘ o to 1oveel —— 7 T T T T T T =1
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® VT = Voltage Transducer
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(® outputs and inputs of MP410T

Swa = Voltage or Frequency

Switch

— Future work for 1G isolated
operation

Vbl = Ballast Load voltage

Figure 3.10 — Ballast load circuit

The control system actuates the thyristors, as a result of an increase or decrease

of the system frequency, and results in setting of the system frequency. This consists of
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a load power increase in the system when the system frequency is above the reference

frequency, as shown in Figure 3.11.
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Figure 3.11 — Ballast Load Performance

As long as Vi, (RMS ballast load voltage) increases, the consumed load power
Py (Ballast load power) increases, as shown by (3.5), up to the available limit, which is
0.5 kW. Then, as P, increases, the load increases and then the system frequency decreases
to the reference frequency. The part of Figure 3.10 highlighted in purple is proposed as a

future work.

2
_ 3 X ‘/;)lRJMS

Py = I (3.5)

The figures 3.12 and 3.13 show the frequency control technique of BL. Figure 3.12
shows how to control the phase-neutral RMS voltage V;; . (Phase-neutral RMS ballast
load wvoltage) over the BL. This Vj;

demonstrate, in an easier way, the functioning principle of voltage control over the BL,

. 18 chosen and shown in 3.12 and 3.13 only to
instead of using the real BL phase-phase voltage V,,,,, as shown in Figure 3.10, which
comes from the delta connection. These can be seen in the results section. Then, the

. o /
functioning principle is the same for Vi, s as for Vj, .

Hence, the control system receives the system voltage feedback signal and compares
it with the reference frequency, which results in an error value, which is processed by the
PI (Proportional-integral requlator) and the firing circuit that controls the firing angle of
antiparallel thyristors, generating an applied voltage over the load as shown in Figure 3.12.
Note that the voltage V. is applied to the load in a progressive way until the maximum
Vit s and consequently the maximum load power seen by generators, is reached. Figure
3.13 shows the expected phase-neutral voltage waveform applied to the BL connected in
star, as the firing angle is 90 °. In the results section, real waveforms of V4, obtained

from the scheme in Figure 3.10 will be shown and analysed.
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Figure 3.12 — Ballast Load Control Figure 3.13 — V}» as Fire Angle 90°

The voltage setting circuit shown in Figure 3.10 obtains the voltage signal V1
(Voltage signal from the frequency transducer (position 1)) from the frequency transducer
and generates 8.3 V minus V{1 as the output signal. The voltage setting circuit was
implemented to correct the control system functioning. This is an alternative that involves

energy dissipation for system frequency control.

3.3.3 DCMgq Speed Regulator

For the normal functioning of an electric system, it is necessary for the analogical
speed regulator circuit to control the DC' Mg speed as shown in Figure 3.14. Then, the
control signal from 0 to 10 V to fire the thyristors comes from regulators inside the wooden
box shown in Figure 3.4. This signal goes to the firing circuit, TCA 785, which commands
the thyristors that are applying the direct current voltage, Vj., on the DC'Mgq so that
the DC' Mg and SG speed can be controlled as already shown in [34].

The speed regulator circuit is composed of two regulators in cascade [4, 23] as
follow: The first of them is the speed regulator, which receives the U,, (Feedback speed
signal), from the tachometer [36]. The second is the current regulator, which receives the
feedback current signal, V;, (Feedback current signal), from the current transformer TC
30/5A, diode bridge, and signal buffer as shown in Figure 3.14. This cascade regulator
generates the 0 to 10 V signal and sends it to pin 11 of TCA 785, which commands
the thyristors as already explained. All wooden-box devices are highlighted in purple in
Figure 3.14. The wooden box is shown in Figure 3.3.
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Figure 3.14 — DC Mg Current Operation

3.3.4 Energy Regeneration Experiment

Figure 3.15 shows part of circuit shown in Figure 3.14 to detail the energy regen-

eration scheme and functioning as well as the frequency elevation process.

TCA 785

a=140°
Manual H
otentiometer Lo
° * bc
220/200 V Motor
# (Zj % . Field )
A Current Field
Inversion
2
+ PIG
<«— DCMiG
—== | Pload
S
+ -
Field Loads
control

Figure 3.15 — Energy Regeneration Scheme

The ERS is an alternative way to control the system frequency elevation for

the electric system proposed in this work, which is a result of decompensation between

generation and demands inherent in this scheme involving the I M, resistive loads, and

different generators in parallel operation mode, as already detailed. This frequency control

alternative is based on the regeneration principle instead of the dissipation principle used

in BL control.
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During the normal operation based on Figures 3.4 and 3.14, the IG is powered by
the DC'Mj¢ to supply more power PIG to the system, which only has a load of 2/3 kW
connected. It is managed in such a way that the SG is motorized and becomes a SM,
the DC' Mg becomes the DC'Gg¢, and, because the energy generated by the DCGgg is
blocked by the V. and Vpeonrsa (Voltage of direct current motor coupled with synchronous
generator) sense, the system frequency is increased to 56 Hz. V. is given by (3.6), where

the phase-phase voltage is V},, and the thyristor firing angle is .

The appendix D adds this content using another and similar practical experiment
totally developed in the Laboratory of research development of electrical didactic labora-
tory of Federal University of Itajubd, in which the four quadrants operations of DC'M is

more detailed.

Vie = 1.35 x V,, X cos(a) (3.6)

Then, to control the system frequency, the firing circuit TCA 785 is changed to
manual position, the firing angle is adjusted manually to 140°, and the switches K1 and
K2 are commutated in order to change the field sense over the DC Mg which results in
a change of the Vpcoarsa voltage sense applied on DC Mg, see the blue arrow shown in
Figure 3.15. So, this Vpoysa transition enables the current Ir into the circuit composed
of the converter and the DC' Mg, as shown in Figure 3.15. This results in the return of
regenerative energy to the grid, causing the system frequency drop to 55.0 Hz, the reference
value. Then, in the third stage, the switches K1 and K2 are commutated again, which
results in a new inversion of the DC Mg field sense, the inversion of Vpeoarsa, leading to
an interruption of the current circulation between the converter and the DC' Mg and an
interruption of the return of the regenerative energy to the grid. So, the system frequency

rises to 56 Hz again.

In order to avoid the field over voltage across L given by (3.7) during the field
sense change, Iy (Field current 1) to Ipy (Field current 2), shown in Figure 3.15, the
resistor 700 €2 was inserted into the DC Mg field circuit. This resistor attenuates the

current variation during the transition time interval.

difl,z

Vi =1L
L X d,

(3.7)

3.4 Results

In Figure 3.16, the system frequency rises when the /G speed rises and its power

flows to the system. The system has one 2/3-kW RB connected. The system voltage is
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maintained at 220 V due to the voltage control loop from the synchronous machine. At

this moment, it is acting as a SM.

M Pos: 0.00us M Pos: 0.00us
57 Hz 56 Hz 55.2 Hz
*®
55 Hz S S S e S _,_‘5.,._‘,_______.______5_____

|<3_s>|

}ZOHZ/div } 20 Hz / div
“

0 Hz

Ch2 Off M 5.00s C| Ch2 Off M 5.00s
7] 7]

Figure 3.16 — Increasing frequency Figure 3.17 — Ballast load actuation

Figure 3.17 shows the ballast load control actuation. Firstly, BL control is acting
and the frequency remains stable at 55.2 Hz. After a period of time, the thyristor firing
pulses connected to the BL are blocked, which results in elevation of the system frequency
to 56 Hz. In the following, B L control is activated and controls the system frequency again,
returning it to 55.2 Hz. The system voltage remains at 220 V due to the SG voltage control
loop actuation. In this interval, the synchronous machine is acting as the SM and the
DC Mg is acting as the generator DC Mg, as shown in Figure 3.15. The scenario consists
of Viipys= 155V, Py=267 W and I; (Ballast load current) (line)= 0.8 A.

Figure 3.18 shows the phase-phase voltage Vj,,,,,, across the BL to regulate the
system frequency. The system has one-2/3 kW RB. The system voltage remains at 220 V
due to the voltage control loop actuation. The synchronous machine is acting as a SM, as
shown in Figure 3.15. The scenario consists of Vj,,,s= 155 V, Py;=267 W and I; (line)=
0.8 A.
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56.5Hz 55.0 Hz™ 56.5 Hz
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Figure 3.18 — Voltage Vbl across BL Figure 3.19 — Frequency control ERS

The Figure 3.19 shows the result of the FRS. Firstly, the system is operating with
56.5 Hz, one RB connected as the load, and the voltage control loop keeping the system
voltage at 220 V. Next, the switches K1 and K2 are commutated in order to change the

field sense over the DC' Mg, which results in a change of the Vpeprsa. Then, this Vponrsa
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transition allows the current to circulate in the circuit composed of the converter and the
DCMgg, as shown in Figure 3.15. So, it results in the return of regenerative energy to
the grid, causing the system frequency drop to 55.0 Hz, the reference value. Then, in the
third stage, the switches K1 and K2 are commutated again, resulting in a new inversion
of the DC Mg field sense and the inversion of Vpearsa, leading to an interruption of the
current circulation between the converter and the DCMgq and to an interruption of the
return of regenerative energy to the grid. So, the system frequency changes to 56.5 Hz

again.

Figure 3.20 shows the direct current voltage V. over the dc converter side as « is
140 °. This means that the converter is operating as an inverter, taking energy out to the
grid. This angle o was previously manually adjusted to 140 °. The [,. (Line current across
the ac converter side), is also shown. Firstly, the system is operating at 56.5 Hz, with one
RB connected as the load and the voltage control loop keeping the system voltage at 220
V. This figure shows the moment when the ERS returns the system frequency to the
reference value.

M Pos: 0.00us M Pos: 0.00us

Converter operating as
a =1402 inverter bridge
vdc 100 V/div_
fLbL L1l | Ll L] III A

lac 3

2 A/div

Ch2 Off M 5.00ms
7]

Ch2 200mY M 5.00ms
7]

Figure 3.20 — Voltage Vdc and Current lac Figure 3.21 — Vbl -1G operates alone

Figure 3.21 shows the phase-phase voltage Vj,,,,,, across the BL to regulate the
system frequency as the SG has been removed and the IG is operating alone. The system
has one-2/3 kW RB connected. The scenario consists of Vj,,, o= 205 V, P;=448 W and
Iy (line)=1.0 A.

Figure 3.22 shows the system voltage V,, varying from 205 V with the BL con-
nected to 250 V without the BL and when the SG has been removed and the IG is
operating alone. In the last stage, the BL control returns and the system voltage V,,
returns to 205 V as well. The phase-phase voltage Vy,,,,s across BL Vy,,, regulates the
system frequency when the SG has been removed and the IG is operating alone. The
system has one 2/3-kW RB. The Scenario is composed of Vj;,,,,.= 205 V, P,;=448 W and
Iy (line)=1.0 A.

Figure 3.23 shows the BL control actuation to keep the system frequency at 55.2
Hz when the SG has been removed and the IG is operating alone. The B L thyristor firing
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Figure 3.22 — Voltage Vpp-IG alone Figure 3.23 — BL control-1G alone

pulses are blocked, which results in elevation of the system frequency to 57 Hz. In the
following, BL control is activated and acting in the system frequency again, returning it
to 55.2 Hz. The system voltage V},, varies from 205 V with BL to 250 V without BL and
then when the BL control returns, it changes the system voltage V,, to 205 V as well.
The system has one-2/3 kW RB connected. The scenario is composed of V., = 205V,
Py=448 W and I (line)=1.0 A.

3.5 Conclusion

The laboratory experiments were designed as two alternatives to control the system

frequency which were successfully implemented.

Based on these experiments, when the frequency rises, the SG and DC Mg become
the SM and DCGgq, respectively, due to excess of generation in the system caused by
the IG.

To tackle the system frequency elevations due to the specific transients as also
mentioned in chapter 2, two contingencies were implemented in laboratory, the first ex-
periment consist of frequency control via ballast load in which was used a resistor bank,
frequency converter and a digital control board MP 410T. The second experiment is an
energy regeneration to the grid that consist of an analogical control board that is detailed
in appendix A, a firing circuit and a resistor to protect the DC Mg when the field in-
version of DC machine is done. Both control the system frequency when the generated

power is bigger than the demanded power.

In the case of the ballast load method, the process happens automatically, when
the frequency goes up, the ballast load enters into system to decrease and control the
frequency system. In the case of energy regeneration method, when the frequency goes
up, the DC machine field is inverted via manual switch as already detailed in this chapter
3, the additional energy flows via converter whose firing angle was previously adjusted to

140°. Then, the system frequency is controlled into rated frequency, 55.0 Hz.
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The results show that frequency control using a BL gives good performance, main-
taining or controlling the system frequency in a stable way, while the system rated voltage

is kept constant by the SG voltage control loop.

Unlike the BL method, which uses dissipation of energy, the EFRS uses energy
regeneration to achieve success. The E RS regulates the frequency faster than BL method:
the FRS approach takes 1s and the BL method takes 3s to regulate the frequency, as
shown in Figures 3.19 and 3.17 respectively. Both of these methods maintain the rated
voltage in steady state using the voltage control loop of the SG.

The BL and FRS methods maintain the frequency controlled. The first keeps the
frequency controlled in 55.2 Hz and the second keeps it in 55.0 Hz. This difference 0.2 Hz
is important in order to avoid improper interference between the two control loops. This

conclusion was obtained empirically.

It also was carried out an additional experiment that consisted of the removal of
the SG, during operation of the SG and IG in parallel, in order to analyse the effects on
the system voltage and frequency with and without BL control. When the /G operates
alone, the system loses control of the voltage since the SG field control is not acting. In
this case, although the system rated frequency is being controlled by the BL method,
the system voltage V,,, varies considerably, from 205 to 250 V. When the SG has to be
removed, the use of system voltage control scheme described in [10] and highlighted in
purple in Figure 3.11 is strongly recommended. In order to use the cited voltage control
scheme, the SW, (Interchangeable switch) switch has to be changed from the V¢1 to the
V2 (Voltage signal from the frequency transducer (position 2)) as shown in Figure 3.11.

The regulation frequency techniques described in this work were applied at the
laboratory scale. The frequency range varied from 1 to 2 Hz in these experiments so
that the proposed frequency control scheme could be validated. However, the techniques

demonstrated here can be applied over a larger frequency range with similar results.

As previously informed, the BL method is more appropriate for an isolated electric
system and the FRS method is a didactic alternative and serves as base of comparison

and evaluation.

In future work, the automatic IG speed control is recommended for implementa-
tion as an alternative control method and as a continuation of this approach, in order to
avoid SG synchronous machine motorization and an increase in system frequency. There-
fore, this cited IG speed reference control would have the aim of changing the IG speed

reference automatically instead of using the manual /G speed control.
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Conclusion

After the studies of DC machines regulators project (appendix A), thyristor fir-
ing circuit (appendix B), voltage regulators and filters project to synchronous machine
(appendix C) and four-quadrant operations for DC machines (appendix D) was possible
implement the target experiment of this work which consist of laboratorial scheme of
induction and Synchronous generators in parallel operation mode feeding inductive and
resistive loads. This experiment was target of analysis and studies of generation and load

transients and specific contingencies for this kind of generators topology.

The main conclusions about the experiments are:

1. The SG presents a master behavior for the system frequency and voltage. IG does
a master behavior for the active power supply and slave behavior for the system
frequency and voltage. SG controls the system voltage and frequency and IG es-
tablishes the active power supplied to the system and SG complements the rest of

active power and reactive power required;

2. The Vapcure elevation method resulted in increase of Ppoyrra, PIG and higher
IG subgroup efficiency than the Ifpoare reduction method [28]. The increase of
Ppemieg and PIG are consequences of IG speed increase, njg, that was obtained

by elevation of Vapcurea.

3. When the IG generates more than the load demand, the system frequency grows up
and stays out of rated system frequency. The /G motorizes synchronous machine
and DC Mg operates as a no load DCGgq;

4. In the scenarios "IG out and IG in", SG and its system can regulate the system
voltage and frequency and SG keeps running even if the IG is fully loaded and
is removed abruptly. On the contrary, when the SG is disconnected, the system

voltage and frequency go out of control.

5. Three control loops were implemented in lab to control the parallel operation of
synchronous and induction generators, voltage and speed control loops and BL

control loop.

6. Three different methods of /G connection into the electric system were studied as
follow: (i) direct startup as a motor and rising the speed up to it turns /G, (ii)
synchronism of self-excited IG with the electric system and (iii) adjustment of IG

speed at synchronous speed and connection into the system;
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7. It was used an original method to find power and efficiencies values of different
equipment in different scenarios as demonstrated in chapters 1, 2 and complemented

by appendix F;

8. The frequency elevation was checked when load transients happen in specific sce-

narios or PIG is bigger than load demand as demonstrated in chapters 2 and 3;

9. The effects of frequency elevation were cancelled due to implementation in lab of two

methods of frequency control, these ones were compared, and their results shown.

Based on the results obtained, the operation in parallel of induction and syn-
chronous generators in an isolated electric system is technically viable in MHPP and it
should be economic advantageous for MHPP and other applications due to some reasons
such as: the IG final price is so lower than SG final price even to big machines 25 MW
(information has obtained from Brazil traditional machine supplier), /G maintenance is
simpler and consequently cheaper and /G is lighter than SG. Beyond, The IG’s reply for
short circuit events is better than SG’s one because the IG contributes less than SG to
short circuit power, [20]. Otherwise, mainly for greater applications as oil platforms and
F'PSO, there are other equipment and accessories that may be required, such as capacitor
bank, switches and filters which should be also considered for a more deeper economic

and technical evaluation.

In the case of SG to be removed and the IG is operating alone and feeding the load
as mentioned in chapter 3, the system voltage vary from 205 V to 250 V in spite of system
frequency is in control, 55.2 Hz, by ballast load control. Then, the voltage range is so larger
and for this specific scenario and reason, it is recommended the use of voltage control
system which was detailed in [9]. The voltage control system can be interchangeable with
the frequency control system used in this work by handling of a switch SW, presented
in chapter 3. It means that when the /G operates alone, it is recommended the use of
voltage control system instead of frequency control system through by use of the cited
interchangeable switch SW,. It is expected that voltage keeps controlled in rated voltage,
220V, and system frequency varies a little bit such as 2 Hz to 3 Hz as in [9].

The chapter 3 is important in showing the causes of frequency increase and to
show a method of BL control that could be useful for MHPP application as cited in [9],
[16], and [17], whose generation could be composed for /G and SG in parallel operation
mode. Thus, this BL method could be applicable in MHPP such as Boa Esperanca and
Lajeado Farms, cited in [9]. The ERS shown in this paper serves as a didactic application

only.
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APPENDIX A - Filters and Regulators
Project

A.1 Introduction

In this appendix. two kinds of analogical filters and regulators for a DC motor
will be studied. namely a speed regulator that is composed of a speed control loop and
current regulators [37]. Both loops. the current control loop and speed control loop aim

to control the DC motor speed.

These loops will be used in primary machines that will serve as the primary drives
of induction and synchronous generators. The primary machines used in the experiments
are independent excitation ones. They are proper to speed control because their speed is

basically controlled by armature current or field flux variation.

Initially, in this appendix will be present some devices required in DC motor

controllers such as a ramp type firing circuit and synchronism transformer.

And then, it will be followed by practical cases and instructions of how design the
analogical speed and current DC machine regulators and how define filters, capacitors,
resistors and others necessary devices to implement the regulators. In add, all of the time
constants and gains values will be estimated or calculated and the experiments will be

didactically presented.

All the issues studied in this appendix are based on original and practical-case
projects carried out and tested in the Laboratory of research development of electrical

didactic laboratory of Federal University of Itajuba.

The analogical voltage regulator will be shown in appendix C.

A.2 Ramp Firing Circuit

The ramp-type firing system are used in all the experiments accomplished in this
work and its functioning shown in Figure A.1 was implemented either with an analogical
circuit detailed in appendix B and chapter 3 or inside of the electronic board MP 410T
algorithm used in chapters 1, 2 and 3:

The intersection of the DC level with a ramp, which is internally generated in the
TCA 785 integrated circuit, produces the pulses. The V.. (Control voltage of thyristor
firing system) is the output of the current regulator. Three TCA 785 integrated circuits
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Figure A.1 — Ramp Type Firing Circuit

should be used to produce six firing pulses for the Graetz converter bridge that is built by
thyristors. The pulses generated by TCA 785 are P1 and P4 for the thyristors 1 and 4; P3
and P6 for the thyristors 3 and 6; and P5 and P2 for the thyristors 5 and 2 respectively.

This is the explanation of the firing circuit pulse generation stage.

The other additional firing circuit functions such as enlargement of pulses, galvanic

isolation of pulses and pulse amplification will be shown in details in appendix B.

A.3 Synchronism Transformer

The synchronism transformer function causes a 30° displacement on the grid volt-
age signal in order to synchronize this grid voltage and the interested start points with the
thyristor firing angle, as demonstrated in Figure A.2. This kind of transformer is shown

in Figure A.3 and it will be used in this work as a device necessary in the driven system.

Cn An

= Wi

N
® ®

Figure A.2 — Waveforms and Firing Angle

This kind of transformer is used in practically all experiments carried out in this

work.

Figure A.4 shows the synchronism transformer in a typical diagram which will
be used in the experiments. Each TCA 785 controls the two thyristors connected to its
respective phase, e.g., the TCA 785 located in phase a controls the two thyristor firing
angles located in phase a, thyristors 1 and 4. For more details, see the Figure B.12 of

appendix B.
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A.4 Current and Speed Regulators of DC machine project

A.4.1 Introduction

The digital regulators were implemented in [38] and in the chapters 1, 2 and 3.
The analogical current and speed regulators of DC machine will be described and detailed

in this appendix and it was implemented in chapter 3.

A.4.2 Motor Block Diagram

Figure A.5 shows the motor armature circuit and the driven system of DC'M, SM
(Synchronous machine) and load. The diagram of the driven system mechanical part is

also presented in [38, 39].
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Figure A.5 — Motor Armature Circuit and Diagram of the Drive System Mechanical Part

where:
U Counter electromotive force [V]
Epcar (Direct current motor voltage) [V]
R, (Armature circuit resistance)
L, (Armature circuit inductance)
¢ Motor flux
I, (Armature current)
M Motor torque
T. (Load torque)
Ty, (Friction torque)
J Moment of inertia (motor + load)
n Speed [rpm]
w Rotation [rad/s]
B Resultant torque

Also:
M=Fkx¢xI,

For the accelerating torque:

M-T.=B

B=Jx%

2xT

w X Ng X —
60

where:

no No load speed [rpm]

(A1)
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M,, Rated torque.

B
B =M, x — A.
X (A5)

Substituting A.4 and A.5 into A.3 results in:

d2x

B 22 xnox
M, x —=Jx 2" A.6
A @ (A.6)
B 27T><7”Lo dn
Myx — =Jx 2 x>
M, 60 xng 4,
no 1 [ B (A7)
=7 X2 jn0 -t :
My &5

The 1y (Accelerating time constant) is defined as:

21 Jng
60 M,

TH —

(A.8)

This time constant may be interpreted as the time required for the motor to reach
no load speed from rest, as it is accelerated by a resultant torque equal to the rated motor

torque.

_7101
A4m/3¢ (A.9)

Figure A.6 shows the block diagram related to the motor mechanical part.

la B n
M

1Tl()

Tc Sty M,

STH M,

Figure A.6 — Block diagram of the drive mechanical part

Setting the values in pu (per unit) for the current, load torque, speed and motor

torque results in:
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M

T = miew

The mechanical block diagram of Figure A.6 can be represented in pu as shown in

Figure A.7.
ia 8 b
m *lL nu

tc o

Figure A.7 — Representation of the Motor Mechanical Part in pu

Notes: 1- All variables from Figure A.6 are shown in Figure A.7 in per unit mode
and lower-case letters. 2- The variables i, (Armature current in pu) and m (Motor torque

in pu) are equal.

A.4.3 Armature Circuit Equations

In order to define the 7, (Inductor circuit or armature time constant) and the

block diagram, the calculus are shown in the following.

dra
Epcy = Ral, + Ladi +U (A.10)
t

Applying the Laplace transform results in:

EDCM = Rafa(S) + SLa[a(S) ‘|‘ U(S)

Epoy = U(S) = 1,(S)[Ra + SL]
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 Epem(S) = U(S)

la(s) = R, + SL, (A.11)
Defining 7,:
L
— e A12
= (A12)
Epcu(S) —U(S) 1
1,(S) = — A13
(5) 1+ S7, % R, ( )
L, _Eoeu-U By 1
v R, Exy 1+ 87,
I.  Epcu—U _ Ey 1

Ia_EDCM—UX Ex y 1
In En Ry~ 14 ST,

The armature current /, seems to be normalized by the current Iy (Rated Cur-
rent). Voltages Epcy and U are also normalized by the voltage Fy (Rated voltage). The

normalized values are set as:

=15 (A.14)
e = EgiM (A.15)
u= EUN (A.16)
vV, = R?IVN (A.17)

where V; (Motor current amplification factor).
The block diagram of the DC motor armature circuit is shown in Fig. A.8.

The factor ; +‘gT can be considered a delay element of the 1st order. The time

constant 7, can be determined in one of two alternative ways:

a) Measuring L, and Ry;

b) Applying a reduced voltage step in the armature circuit at the moment that

the rotor of the motor is blocked.
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Figure A.8 — Block Diagram of the DC Motor Armature Circuit
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Figure A.9 — Reduced Voltage step Applied to the Armature Circuit

Figure A.9 shows the reduced voltage step applied to the armature circuit.

The current Ia is captured through an oscillograph or digital oscilloscope (voltage
drop in the Rgy (Shunt resistor)). The shunt resistor Rgy can be replaced by a current
Hall sensor, which is an usual alternative. Figure A.10 shows the expected time transient

response.

A

63% |- — — —

\J

Ta
Figure A.10 — Current Response for a Voltage step Applied to the Armature Circuit

Marking up to 63% of the regime value and checking the corresponding time on
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the horizontal axis that corresponds to a time constant 7,.

_e—u
_1+s7'a

la

v, (A.18)

An interpretation of the constant V; is given in A.18. The V; is a multiplicative

factor when the motor has the rotor locked and with rated voltage applied to the armature.

En

Lax = (A.19)
Iak — En
AR A.20
In RoIn ( )
Comparing (A.19) and (A.17) results in:
L = Vily (A.21)

Thus. the V; factor can be interpreted as the multiplicative factor of the rated
current to get a Iax (Locked rotor current), when nominal voltage is applied to the

armature circuit (starting current in pu).

Figure A.11 shows the schematic diagram of the separated excitation DC motor

with rated flux and considering the normalized magnitudes (pu) in lower case letters.
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Figure A.11 — Schematic Block Diagram of the Independent Excitation DC Motor

A.4.4 Complete Block Diagram with Regulators, Filters and Transducers

Figure A.12 shows the complete block diagram of the controlled drive.

where:
Tys1 (Filter time constant of the reference channel of the speed loop)
Tys2 (Filter time constant of the reference channel of the current loop)

Vin (Gain of the speed regulator)
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la

c Vf::“’ . Motor | Motor

) Speed ! urrent | Firing tatic Electrical / Mechanical
n . +lii [ N h

s Filter Regulator  Filter I'm Regulator! Circuit Converter Block / _ Block

)
1+Sm 1 Vs v, e 1

STl' 1+ STSS 1 + STa STH
Current
Transducer Filter

- vi (pu)
[
1

1+ Srgi

Speed Transducer
Filter

una (pu)

gl

1+ Sty

Figure A.12 — Complete Block Diagram of Controlled Drive

Vri (Gain of the current regulator)

7o (Time constant of the speed regulator )

7; (Current regulator time constant)

Tyn (Filter time constant of the speed transducer )
T4 (Filter time constant of the current transducer)
Tss (Firing circuit time constant )

Vs (Gain of the static converter)

7, Inductor circuit or armature time constant

Vi (Gain of machine electric part)

V.. Control voltage of thyristor firing circuit

1, Armature current in pu

t. (Load torque in pu)

Ny, (Speed in pu)

nrer (Reference speed)

The regulators shown in Fig. A.12 were considered as PI (proportional integral) and

their parameters will be determined by the design procedure in this work.

A.5 Current Regulator and Filters Project of DC Machine (practi-

cal case)

In this appendix will be described the current control loop with current regulators and
filters parameters project [39].

Figure A.13 shows the current regulation loop and Table A.1 shows the DC motor data.

The current transducer is a diode bridge connected between a resistor and the
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Table A.1 — DC Motor Data

Power Rated Rated No Voltage | Armature | Armature| Accel.! Rated J
(kW) | current | speed load (V) resis- induc- time torque | inertial
(A) (rpm) speed tance tance constant Nm mo-
(rpm) (92) (mH) Ty (s) ment
(kg-m?)
1.7 7.72 1500 1770 220 V 7.0 490 1.54 10.8 0.09
L accelerating
ELECTRICAL
CURRENT FIRING STATIC u ARMATURE
FILTER REGULATOR CIRCUIT CONVERTER CIRCUIT
i lqREF ,® i Vee : a e, i Ig
SPEED -
REGULATOR A
ouTPUT 1 14+ St 1 v
T VR, l s l
1+ Sty Y 1+ Sty 1+ St,
[ REAL

FILTER

-

1
1+ STgi

Figure A.13 — Current Regulation Loop

alternating current side. The diode bridge is fed by the 30/5 A CT (Current

transformer) secondary. Figure A.14 shows the current transducer connected in a typical

DCM driven circuit.

where:
Ly (Smoothing reactor inductance)
Ly (Separated field inductance)

The vi (Signal from the current transducer) has a 1/6 cycle ripple wave. Thus, the filter

time constant of the current transducer is:

1
ng' <

period

()

= 2 number of pulses

(A.22)
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U2

vi

CcT

N

—Dt
-
[t N
| 1
| |
| S |

Lg 6

Figure A.14 — Current Transducer

1 167 x 10°°
§x% (5) <. 7 < 1.39 ms

For 60 Hz, a period of 16.7 ms and a six-pulse bridge, the filter time constant of

Tg’i <

the current transducer is then adopted as:

Ty < 1.39 ms (A.23)

The firing circuit cannot instantly respond to the change in the firing angle a.
This time constant can vary in the range of zero to one sixth of a cycle. Thus, the time

constant of the firing circuit 7., = 2.5 ms is defined.
From the armature resistance R, and armature inductance L,, the inductor circuit

time constant 7, was obtained measuring L, and R, and calculated as demonstrated

below.

Lo 490 x 1073

Ta =

A24
Ra 7 ( )

Ta= — =T70ms (A.25)

S;Ub'
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This constant 7, was calculated considering the total inductance L, in series with

the armature circuit, which corresponds to the inductance of the machine added to the
inductance of the external smoothing reactor.

Considering Fy equal to the rated voltage at the rectifier bridge output, the V;
(motor current amplification factor) is:

E, 220
TR, x I, TXT.72 =407

(A.26)

The gain of the converter V is obtained as follow, considering that the overlapping
effect is neglected. E (DC supply voltage) is given by equation:

FE =1.35 x Uy X cosc

(A.27)
U, (AC supply voltage) is applied on the converter bridge:
dp .
o= —1.35 x Uy x sina (A.28)
Multiplying part by part by B results in:
d(zy) 2
N = —1.35 X == X 7 X sin«a A.29
d(%) Ey ( )
In order to define Us,, the AC' supply voltage applied on the converter bridge and
neglecting the overlap angle p, the following equation is used:
As E, = 220V and considering the firing angle o = 30°
220 = 1.35 x Uy x cos(30°) .Uy =183V (A.30)

Then, considering «,, equal to «,,

2 and substituting Equation A.30 in A.29, results in:

de

88
do. —1.35 x 350 = Tsino o —1.157wsina (A.31)
resulting in:
Vg =|—] =115 X 7 X sina
do,

When a = 90 °, the maximum gain is:
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de
VSl = =115 xm VSl = 3.601 (A32)
do,
For a= 30°, the gain is given by:
de
VSQ = d =1.15x7x05 .. VSQ = 1.80 (A33>
Oy
The average gain of static converter V, can be determined as:
V. Vi
Vo= 2L 752 ;r 52 _9m71 (A.34)
The current regulation system gain is then obtained:
Vsa = Vs x Vi=271 x4.07 =11.03 (A.35)
The sum of the small-time constants « is:
0="Ts+ Ty =25+139 .0 =389 (A.36)
Then:
T, 70
L= =1, 1 A.
40 4 x 3.89 20> (A.37)

According to Table 6.3 from [4], the regulator type PI should be adopted.

According to Table 6.4 from [4], the gain and the time constant of the regulator Vg; can

be obtained:

T, 70
Vri = . = =0.8
B 9% Vg x 0 2% 11.03 x 3.89
Then, the current regulator time constant 7; is:
Ty 70
=4 ———————— =4 x38) X —— =13.34
T T ke Y 701 3 % 3.89 me

The time constant value of the reference channel filter [ms] is:

Tys2 =4 X o x (1— e~ (@5 D)

(A.38)

(A.39)

(A.40)
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To2 =4 % 3.89 x (1 — ¢ (m5m 1) = 15.09ms (A.41)
Capacitors Calculus
- Reference value filter:
Rs1 + Rso
Cy=——— s A .42
Rs1 X Rso " Tae2 ( )
22 + 22
= 15. F=1. F A4
5= 59 99 < 5.09 u 37 1 (A.43)
- Current transducer filter
Ri1 + Rio
= — i A.44
Ri1 X Rio *Ta ( )
15415
;= 1.39 .. C; =0.19uF A4
TSR 39.. C; =0.19u (A.45)

The closest and chosen capacitors values were Cy= 1.22 puF and C;= 0.22 pF as
shown in Fig. A.15.

A.5.1 Current Regulator Parameters

In summary, the current regulator parameters are shown in Table A.2:

Table A.2 — Current Regulator Parameters

Type Gain Time Reference channel Feedback channel
(Vi) Constant | Filter time constant filter time constant

(7:) (Tgs2) (79:)

PI 0.8 13.34 15.09 1.39

A.5.2 Current Regulator Arrangement

Figure A.15 shows the current regulator. Its inner current loop structure was pro-

posed by [4].
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IN 758
10V CE”
8,8uF
22 k
. W,
Via Rs/” b \/cc
) To pin 11
y TCA 785
Rii
15 k A IN4148
ViaREAL Cs=
1,22uF

Figure A.15 — Implementation of Current Regulator

A5.2.1 Calculus of RMY and Rgqy

In order to make the adjustment of RMY (Integral branch adjustment resistor of current
regulator) and R}, (Proportional branch adjustment resistor of current regulator), the

specific values of each one of these resistors will be calculated.

RMY was obtained as:

7o = (RM] + RMY) x CF” (A.46)
i 13.34 x 1073
RMY = C; — RMY = 1520 — 470 = 1.05k) (A.48)

The R;; (adjustment resistance of current regulator) was calculated as:

(R x (Ryy + Rip))

R" = A .49
= (Ve x (R + B) (A.49)
R (10 x (474047) s (A.50)

(08 x (15 +15))

RI. = 2.15k) (A.51)
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Then, as Ry, (Proportional branch steady resistor of current requlator)=470

R\ + Rl = 2150 Q) (A.52)
R, = 2150 — 470 ) (A.53)
R, = 1.68 kS (A.54)

Adopting the Vg; as the variable in evidence, it will be possible to find the Vg; limits by

just changing Ry, as follows.

Equation A.49 and isolating the variable Vi;, it results in:

oo (R x (Rl + Ryp))
Ri = 1" " "
(Ra] X ( 11 + RzQ))

(A.55)

For the minimum R},;=0.47 k €2, the maximum Vp; is:

(10 x (4.7 + 0.47)

(047 x (154 15)) -0

(A.56)

Veimaz =
For the maximum R;= 4.8 k (2, the minimum Vg is:

(10 x (4.7 + 0.47)

= 0.33
(5.17 x (15 + 15))

(A.57)

Veimin =

Thus, as the defined resistors, the Vg; can vary from 0.33 to 3.6.

The current regulator data are given in Table A.3.

Table A.3 — Complementary Current Regulator Data

Optimized
/!

/!
R,

RM?

Optimized
gain (Vg;)

Minimum
gain
(Vgimin)

Maximum
gain
(Vrimaz)

215k Q

1.68 k<2

1.05 kQ

0.8

0.33

3.6
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A.6 Speed Regulators and Filters Project of DC machine (practical

case) Project

In order to define the parameters of speed filters and regulators [38, 39, 37], the current
loop will be replaced by a first order delayed block whose equivalent time constant is 7,
(Equivalent time constant) as in [4]:

1
T.=2X0+ 5 X Tys2 (A.58)

1
T =2 % 3.89+ 5 x 15.09 ~ 15 ms (A.59)

In that way, the speed block diagram can be represented as in Figure A.16, [40]:

Motor
i Speed Current Mechanical
Filter Regulator  loop Block
NREeF (E § ‘: + ny
*’JL _ JL ig_ =m b ‘4
1+St 1
_ VR, n tc 1
1 +STg51 STn 1 + 57, STH
Filter
1
1+ 51y,

Figure A.16 — Speed Regulation Loop

The speed transducer filter time constant is 7,4, = 100 ms.

The speed loop has the following time constants:

T (accelerating time constant) = 1.54 s

7. (equivalent time constant of current stabilization loop) = 15 ms
Tyn (speed transducer filter time constant) = 100 ms

The small-time constants 7. and 7, will be replaced by representative time constant o’
as follows:

o' =T+ Ty (A.60)
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o' =15+ 100 = 115 ms (A.61)

As the division ;L= 4;6%15 = 3.34 > 1, then, in accordance with Table 6.3 from [4], a

proportional-integral regulator (PI) should be used.

From Table 6.4 from [4], the optimized gain and time constant of the regulator are:

C2x¢g  2x0.115

Van 6.7 (A.62)

T, =4 x o' =460 ms (A.63)

The speed transducer is a tachogenerator coupled with the DC motor shaft. The filter
was used to reduce the high wave that was part of the tachogenerator output voltage.

The considered time constant was:

Tgn = 100 ms (A.64)

The reference channel filter has the following time constant:
_ ' —(5 -0y _
Tgs1 =4 X 0" X (1 —e ‘577 ) =416 ms (A.65)

A.6.1 Capacitors calculus

Adopting the resistances R.;= R.,= 100 k Q as part of the reference value filter and
Rl,= R},= 100 k2 as part of the speed transducer filter, it results in:

- Reference value filter capacitor:

_ R+ Ry,

Ch
/ /
51 X Ry

* Tye1 = 8.32 pF (A.66)

The closest capacitor value was got by four capacitors 2.2 pF' in parallel, resulting in 8.8
WE.

- Speed transducer filter capacitor:

_ R+ R

CL
/ /
i X Rig

* Tgn = 2.2 uF (A.67)
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A.6.2 Speed Regulator Parameters

In summary, the speed regulator parameters are shown in Table A .4.

Table A.4 — Speed Regulator Parameters

Type Gain Time Reference channel Speed transducer
(Ven) | Constant Filter time constant filter time constant

(72) (7gs1) (7gn)

PI 6.7 460 416 100

Figure A.17 shows the speed regulator. This speed regulator structure was pro-

posed by [4]
-15V IN 758
®
10V CF
RF’ 8,81 F
100 k
Una
| i Vi
10 k R Re» 7 K ”j}_,,L
100 k 100 k a3 M To current
4 Ry’ RM;' regulator
Ona Ril R L5347k 3 47k
REAL 100 k lloo k Ry’
Cn cL 1 LR 47 k
L ST T S
8’8HT T 2,2uF

Figure A.17 — Implementation of Speed Regulator

A.6.2.1 Calculus of RM; and R,

In order to do the adjustment of RM) (Integral branch adjustment resistor of speed
regulator) and R}, (Proportional branch adjustment resistor of speed requlator), the
specific values for each of these resistors will be calculated.

RM, was obtained as follow:
T, = (RM] + RMj) x CF’

7 460 x 1078

~CF  83xi00  D22TRL

(RM] + RM}) (A.68)
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Tn
CF"
Note: The RM) was adjusted in 47.0 k€2, the maximum value available.

RM =

— RM] = 52.27 — 4.7 = A7.57 kS (A.69)

Follow the calculus used to calculate the adjustment resistance R;; (adjustment

resistance of speed requlator) and Ry,:

o (Rr x (Riy + Riy))

| A70
% = Wiy (B + Rl) (A.70)

(100 x (4.7 + 0.10)

10° = 358.2 Q ATl
(6.7 % (100 1 100)) (A.71)

/ —
R, =

Then, as R}, (Proportional branch steady resistor of speed requlator)=100.0 €, the
adjusted Ry, is

R, = 3582 — 100 (A.72)

R, = 25820 (A.73)

Adopting the variable V5, as not defined, it will be possible to find the Vg, limits by
changing of the I;,; as follow:

Using Equation A.70 and isolating the variable Vg, results in:

 (Be x (R + R}y))

Vin = (A.74)
(Réj x (Rjy + R§2>>
For the minimum R;J:O.lO k €, the Vi, max is:
(100 x (4.7 + 0.10)
BAE =010 x (100 + 100)) (A.75)
For the maximum R ;=4.8 k{2, the Vg, min is:
1 4. 1
Vinmin = GO0 X (47+0.10) . (A.76)

(4.8 x (100 + 100))
Thus, as the defined resistors for the controller, the Vg, can vary from 0.5 to 24.

The R; was empirically defined as R ;=600.0 €, which resulted in Vg, equal to:

(100 x (4.7 + 0.10)
Van (0.6 x (100 + 100)) 0 (A.77)
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Then, instead of considering the optimized value Vg,= 6.7, (A.62), Vg,1=4.0 was

considered for this practical experiment and the results are shown below.

The speed regulator data follow in Table A.5.

Table A.5 — Speed Regulator Parameters

Optimized ol RM;, Optimized Minimum Maximum
R, gain Vg, gain gain
(Vrnmin) (Vrnmaz)
358.2 Q) 258.2 Q) | 47.57 k Q 6.7 0.5 24

A.6.3 General Arrangement

Figure A.18 shows the general diagram including all the module interconnections
[38], [39]-

Notes:
1- The P1 value (the maximum speed adjustment) was empirically adjusted as shown in
Fig. A.18.

2- By means of P2 shown in Fig. A.18; increasing the gain of Q6, the limit current
of main circuit is decreased; in other way, when the gain is decreased, the limit current is

increased, see the block diagram in Fig. A.12.

A.7 Results

Although the optimized gain Vi, of 6.7 has been calculated, the gain was empiri-
cally adjusted to 4.0 with the R/ equal to 600 €.

The motor speed and current waveforms for the gain of 4.0 are shown in Fig. A.19
at the moment when the motor is driven by the control system from its rest position.
The gain was empirically adjusted to 4.0 with the R;; equal to 600 €2, which resulted in
a satisfactory dynamic response to the current and speed startup transitory, as shown in

Fig. A.19, (yellow curve: current and blue curve: speed).
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TG = Tachogenerator = Tachometer (0.02 V / rpm)
Speed , Tocurrent
Feedback  |iesulator regulator
speed signal -
UnaReaL  Analogical
Circuit

0.3C12.5 220/200V

k2

k1

+

TC30/5A 700 Q DCM Field Current
#— 4 DCMsG
£ @ A k2
== ® . +
N
z E
sS g
c v ©
5
@ 10 kQ
SKN 12/08 m
Pin 5 ey
—’I— TCA785 | 470 kQ Field
control
101010 10 47 kQ P2
A J| Current [ 9010V pin 11
20w Feedback Regulator TCA 785
current signal
L 47 kq ViaREAL  Analogical
- Circuit
(a) Electrical Diagram
-15V IN 758
. —> —
10 CF’ IN 758
RF’ R
8,8uF o
| 10V -
100 k 8,8uF
RF’’
.,_MM_
10 k
o Una ' " 22k 22k
Rs,' Rs, 27 k ;:EA S S L E—/ P S 27k +— -
- ~- . L Q2 —— Vce
100 K 100 K Q3 [+ Rsi Rs2 a1 i To pin 11
A * Ry RM,' . . L TCA 785
= R R;,' 47 k ! Ry Sl RM,
Una ! 2 L3247k 247k 15k 15k L% 4,7k $o47k & IN4w4S
REAL 100 k 100 k , V'av—MM——_T_—”W‘—
cn o a6k Raff LR a7k REAL Cs== = i soy Ru7 s R
= == 1,22uF 0,22uF 33
8,8uF 2,2uF 01 k " T " 047 k R\]:_ﬁ 47 k

(b) Analogical Regulator

Figure A.18 — General Diagram

The motor startup happens when pin 6 of the TCA 785 is disconnected from
earth by opening/closing the regulator. This switch state change runs the convertor that
energizes the motor. All the details of TCA 785 and its functions and operation are shown

in appendix B.

Note: The converter bridge was fed directly by the grid voltage, 220 V, in order

to obtain the limit current equal to 2 pu.

In order to demonstrate the acceleration time, the following calculus are shown

below:
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M Pos: —400.000ms CH2
1500 rpm Coupling
DC

BY Limit
Close

N Yolts/Div

Loarse

2.00vV M 1.00s
CHt ./ 0.00mV

Figure A.19 — Speed and Current Waveforms

Variables:
T',: Friction torque
T,. (Motor torque)
T,, (Motor rated torque)
T.: Load torque
J: Inertial moment
N,,: Rated speed
n: Speed
t: Time
In (Rated Current)

Note: The motor data are in Table A.1. The balance equation (Newton’s second

law) of the system is:

d,
Ty =T = To=1J x (A.78)

Considerations:
T,,=2 x T, (the limit torque was adjusted by the regulator system by the limit current).
Torque =k x ¢ x I, considering Iy = 2 X I,,.

T:. and T, depend on the speed n. This affirmation was demonstrated in Fig. A.20

and below:

When the DCM is coupled with an SG that feeds a bank of resistors, it is known
that 7Y, is proportional to the speed n. The load torque 7, is also approximately propor-
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Figure A.20 — DC'M coupled with SG and a Resistive Load

tional to the speed n, as demonstrated below:

VQ
p=-¢ A9
= (A79)
and as Vgg=k X n x ¢ and as ¢=constant, then k'=k X ¢, therefore,
VSG =k xn (A80)
Substituting (A.80) into (A.79) gives:
k/2 2
p= ;” P =k xn? (A.81)
Note: k" is the proportionality constant 2.
Considering the steady state conditions, T,, is equal to 7., that result in:
Pmec
T, = (A.82)
n

Note: As P, (Mechanical power) is equal to %, the 1 was considered constant

in an average value.

Substituting Equation (A.81) into Equation (A.82), the result is:

k" 2
7= X (A.83)
n
T.= k" xn (end of demonstration) (A.84)

Note: k" is the proportionality constant 3.

In order to find the motor acceleration time, considering the system configuration

shown in Fig. A.17, the following calculation is used.
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Substituting 7,,=2 x T,, into Equation (A.78) results in:

2><Tn—Tfr—Tc:J><CCZl" (A.85)
t

As the magnetic field ¢ is constant, then Ty, +71,=(k; + k2)x n, or, in summary:

Ty + T, = K" x n (A.86)
Note: k" is the proportionality constant 4.

Substituting Equation (A.86) into Equation (A.85) gives:

d

2><Tn—l<:””><n:J><d—" (A.87)
t
From Table A.1, T,,=10.8 Nm.
dn "
de—+k xn=2x10.8 (A.88)
t
d, k" 21.6

For k" definition, the motor speed is in rated speed as described below:

2
T, = k" x % x 1500 (A.90)
60X 108 (A91)
2% 7 x 1500 '
64.8 N
K" = oo = 0.069 —r (A.92)

S

Getting J of motor plus load from Table A.1 and substituting £”” from (A.92 into
Equation (A.89) gives:

4, 0.069 91.6
n, 0069 216 A
4, 000 " 009 (A.93)

Linear differential equation:

dn
07T xn =240 (A.94)
t
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Considering [41], the solution for (A.94) is:
_ — [ Pd: [ Pdy
n=e x| [Qxel "d+C (A.95)
Considering [41] and Equation (A.94), P= 0.77 and Q= 240, then:
n=e L0 [ [o40 x e[ 077, C] (A.96)
n=e 7 x / 240 x e*d, + C] (A.97)
240 x 60'77t
—0.77t
= —+C A98
n=e X [ 077 + ] ( )
n=e "7 x [311.68 x "7 + C] (A.99)
In order to find the constant C, the boundary condition is used:
Fort=0,n=0 (A.100)
Substituting (A.100) into (A.99) gives:
0=1x [311.68 + C] (A.101)
C = —311.68 (A.102)
Substituting (A.102) into (A.99) gives:
d
n =T x [311.68 x 277 — 311.68] " (A.103)
s
Converting %l to rpm results in:
—0.77¢ 0.77t 60
n=e "7 x [311.68 x "7 — 311.68] x (A.104)
2xm
n = 2976.32¢ 7 x ["7" — 1] rpm (A.105)
For n=1500 rpm, it gives:
1500 = 2976.32¢ 07" x 77" — 1] (A.106)
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1500 = 2976.32 x [1 — ¢ 7] (A.107)
Solving the equation (A.107) by the iterative method results in:

=0.91s (A.108)
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APPENDIX B - Analogical Control Board
(Firing Circuit)

B.1 Introduction

This appendix presents the concepts of operation and functioning of firing circuit
to control the three-phase thyristor bridge firing angle using the integrated circuit TCA
785 and other components, The TCA 785 was developed by ICOTRON-SIEMENS. This
firing circuit was implemented and tested in the Laboratory of research development of
electrical didactic laboratory of Federal University of Itajuba [42], [43], [3].

This electronic circuit generates all the logic of the command signals that will
control the thyristors operation. The aim of the device is to drive the thyristors by using

the necessary gate current.

This firing circuit was developed to control the firing angle of thyristors, transistors,
and TRIACs continually in the 0° to 180° range. It has a large number of configurations

and few external components.

In the first part of this appendix is shown the firing circuit logic and, in the second
part, the functions are shown. The most contribution of this appendix is the presentation

of a complete firing circuit with all details that becomes possible an easy implementation.

This kind of control board is used in the primary machine of the synchronous
generator in order to control the primary machine speed that drives the SG. So, this

analogical control board is used in chapter 3.

Figure B.1 shows the basic organization of the control circuit in block diagram.

o ]
o
®

c e
: !
vel

Figure B.1 — Basic Organization of Control Circuit.

Legend
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1: Function of synchronism and sawtooth wave generation
2: Function of comparing
3: Oscillator
4: Logical block E
5: Amplification, isolating and attack
SV (Synchronous voltage)
V1 (Sawtooth voltage)
VC' (Control voltage)
Rectangular wave)
Rectangular pulse)

Amplified rectangular pulses train)

V3 (
V2 (
V4 (Rectangular pulses train)
V5 (
IG (

Gate current)
V'L (Load voltage)
The thyristor bridge is composed of control and power circuits and between them there
is an isolation which should be kept, mainly, between the load and the electrical grid. In
order to achieve this goal of isolation, the stages of Figure B.1 are coupled by a pulse
transformer or by optocouplers (stage 3). For this purpose, an optic coupler TIL 111

(stage 3) produced by Texas Instruments was used.

Besides the optic coupler, independent voltage sources are necessary to supply
energy to the stage 4 in order to have an isolation more efficient. In order to reduce the
number of components, a TCA 785 and simple rectangular pulses can be used, instead of
the rectangular pulses train applied in thyristors. Therefore, this can be achieved using a
TCA 785 for stages 1 and 2 and the 555 device set as monostable for stages 3 and 4.

Figure B.2 shows the block diagram of the control circuit using the integrated
circuits TCA 785 and 555.

Q

\28

V2’ V3’

vC

Figure B.2 — Blocks Diagram of Control Circuit using the TCA 785 and 555.

Legend:
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1: TCA 785

2: Monostable 555

3: Optic coupler TIL 111

4: Amplification, isolating and attack

SV Synchronous voltage

V1" (Rectangular pulse)

V2" (Wider Rectangular pulse), V3' (Wider Rectangular pulse) and V4’ (Wider Rectan-
gular pulse)

V' L: Load voltage

B.2 Stage Descriptions

This section will show the main characteristics of the integrated circuit TCA 785

and its functions.

B.2.1 Pulse generation by TCA 785

The main TCA 785 function is to control the firing angle of thyristors, TRIACs
and transistors continually in the range from 0° to 180°. Its configuration options enable
a simplified selection of external devices for connections and disconnections. This keeps

the final circuit simpler and smaller than other available options.

B.2.2 Integrated Circuit Characteristics

The main characteristics of this integrated circuit are:

e Internal required current: 5 mA;
e Digital logic is highly immune to interference;

e Two main outputs with 55 mA current and two other outputs with open collector

pins rated to 1.5 mA current;
e Three TCA 785 are needed for a three-phase system;
e The period of the output pulse is defined by the external capacitor;
e The output voltage is adjusted at 3.1 V;
e Simultaneous inhibition of all outputs is possible;

e One output is for TRIACs control.
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Figures B.3 and B.4 [1] show the internal diagram and signals in the TCA 785

outputs.

0 = O Ot B~ W N

CIZI

: R ot 14
] > 4

: " 15

v N 6 o 2
16 3
. _ 17

03-

1>
e

110 Vi 6 13
Icw

Figure B.3 — Internal Diagram of TCA 785.

A4

Legend:

: Zero detection

: Synchronism memory

: C10 discharge monitoring

: Control comparator

: Synchronizing voltage

: Logical unit

: Voltage internal regulator (3.1 V)

: Steady current source
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Synchronization voltage

Ramp peak voltage
Ramp voltage

Control voltage
Min. ramp voltage =V,

Q2

- Q1
- 02, Pin12toGND

- Q1,PIn12to GND

I
|
| |
—I.I.__J | | WL _J Y2 T2Pin13tecno
|
|
|

I l _' I Ve - TT, Pin 1310 GND

Figure B.4 — Waveforms Diagram for TCA 785. [1]

Figure B.5 shows the TCA 785 pins and wrapping.

GND 11 ™ 16[1Vs
Q2 [J2 15[ Q2
Qu (3 14]] Q1
Q14 130 L

VsyYnC 15 12[1 C12
I 06 11 Vqq

QzZ 7 10 C10
VREF []8 9 [IRg

Figure B.5 — TCA 785 Wrapping and Pins

The pins and their functions are as follows:
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01 Ground

02 Pin 15 complementary output with open collector
03 Positive pulse output with open collector

04 Pin 14 complementary output with open collector
05 Synchronism input (antiparallel diodes)

06 Inhibits all outputs when they are grounded

07 Open collector output to activate TRIACs

08 Steady supply 3.1 V

09 Potentiometer to ramp adjustment (20 < R9 < 500k(2)
10 Capacitor to generate the ramp (C10< 0.5uF)

11 Controls voltage input (DC)

12 Controls the output pulse width of 14 and 15

13 Controls the output pulse width of 02 and 04

14 Positive pulse output in the positive half wave

15 Positive pulse output in the negative half wave

16 DC supply; it is not guaranteed for stabilization

B.3 Operation of TCA 785

The integrated circuit (IC) feed is done by pin 16 referenced to the ground terminal
(pin 1) with a voltage range between 8 V and 18 V. Internally, the IC is fed by a regulated
voltage of 3.1 V| regardless of the possible changes in its external feed. The synchronism
is obtained by a zero detector (pin 5), which is connected to a synchronism transformer.
The ramp generator, whose control is located in the logical unit, consists of a steady
current source that charges an external capacitor C10. The charge current is set by an
external resistance R9 in order to adjust the ramp amplitude, which goes to zero whenever
the synchronism voltage exceeds zero. Then, the group R9 and C10 determine the ramp

inclination.

The control comparator compares the ramp voltage and control voltage and when
they are equal to each other, the comparator sends pulses to the output through the

logical unit. Then, positive pulses appear in the positive half-wave in the synchronism
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voltage V15 in pin 15. In addition, positive pulses appear in the negative half-wave in the
synchronism voltage V14 in pin 14. V14 and V15 are 180° delayed between themselves.
The widths of these pulses are determined by external capacitor C12 connected between
pin 12 and the ground pin, as shown in Table 3.1. Their amplitudes are equal to the
supplied voltage in pin 16. The pin outputs 14 and 15 have complementary outputs that
are respectively in pins 2 and 4. These pins 2 and 4 are an open collector transistor
that requires an external resistor connected between pins 2 and 16 in the first case, and
between pins 4 and 16 for the second case. The maximum resistor current is 5 mA. The
width of the pulses can be controlled by the resistor connected between pins 13 and 16.

Pin 6 causes an inhibition of all TCA 785 outputs when it is grounded.

Table B.1 — Pulse width from pins 14 and 15 related to capacitor C12 values, [3]

C12 [pF] 100 220 330 680 1000
Pulses width [ms] | 0.080 | 0.130 | 0.200 | 0.370 | 0.550

To avoid any interference including radio frequencies, it is recommended to install
ceramic capacitors at pins 8, 11 and 16, which are rated as follows: C'8 = 10 nF, C11 =
100 nF and C'16 = 10 pF" + 10 nF

B.4 Equations

(a) Charge current of capacitor C10:

erefXK
[y = &/ =2 B.1
0= et (B.1)
(b) Ramp voltage
V:ref x K x At
Vig = B.2
PRI X C10 (B:2)
(c) Starting point
R9 x C'10
=2 v, (B.3)
V;"efXK
(d) Pulse width
Tp = 30us, without C'12 (B.4)
430
Tp ~ — 1% ith 012 (B.5)
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where:
Viep =V8=31V
K =1.25
C10 < 0.5 uF
25 k2 < R9 < 500 k€2

B.5 The Pulse Enlargement Stage using the Integrated Circuit 555

The integrated circuit 555 was developed as a unit that has various aims, and is

able to operate in large ranges, either monostable or stable.

In Figure B.6, the 555 is operating as monostable, which results in larger pulses
than the pulses received in its input. The 555 then causes an enlargement of the TCA 785
pulse that was received in its input. It is possible to adjust the output pulse width from
the 555 through the 50 k€2 potentiometer connected between the source VC'C' and pin 6
of the 555.

Figures B.6 and B.7 show the 555 operating as monostable and monostable with

an adjustable width output pulse.

V+ (From +5V to +15V) Time Diagram
9
Start of wave pulse _ _l_ e I 7 __' __"_ s e
- ) :
Ry Rese! v+ \ B
o Voltage at _/L
wed Threshold Cr ——
'
Output 3.____0 '
I ———— V4
5S ' |
Start of 2 ° Output ! .-
shooting O] TrlqQer ' .
e i —
Control s
. Voltage
Discharge
Ground
Cr == — c
' 0,01 y F

Figure B.6 — CI 555 as Monostable

Note:
The 555 in Figure B.6 is set as: T'=1.1 x R1 x C'1
R1: Range from 10 k © to 14 M 2
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C'1: Range from 100 pF to 1000 uF

+5V

From pin 2
of TCA 785

A
O €€

A
O30

+5V

Figure B.7 — Monostable with Adjustable output Pulse Width.

B.6 Coupling Stage with TIL111

The goal of this stage is the pulse transmission to the next stage and, at the same
time, to supply electrical insulation between the high and low power circuits. The TIL111
is an optocoupler that has an infra-red LED between pins 1 and 2 and a photo transistor

NPN in pins 4, 5 and 6.

Figure B.8 shows the internal diagram of the TIL111.

VS=+15V
10 kQ

oo JIL111, .

[ J 1 .l.
|

L - =
Figure B.8 — Internal Diagram of TIL111.

The diode and the photo transistor of the TIL111 should be fed by independent
voltage sources (5V and ground 1, +15V and ground 2).
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B.7 Attack Stage

This last circuit stage is in charge of supplying current increment to the TIL111
output pulse, which is necessary so that the gate firing can be done and the conduction
current occurs. Thus, the transistor PNP BCbH58 operates as a switch. As shown in Figure
B.9, the transistor PNP BD136 operates as a switch which supplies the current and voltage
to the gate. This transistor is assisted by a capacitor “SPEED UP” that is responsible
for accelerating the transistor switching. The gate thyristor current is also assisted by
another “SPEED UP” and this gate current is adjusted by a 200 2 potentiometer. The
gate current is coupled to the thyristor and flows through a diode so that negative voltage

does not reach the gate. In summary, the general characteristics are:

e To amplify the control signals from the signal stages;
e To have current source characteristics instead of voltage source;

e To avoid negative voltage appearing on the gate cathode junction.

Figure B.9 shows the attack stage circuit.

VS 6= +15V
10 kQ

+5V 10 nF 440nF 150
° / . l/ " ,j IN 4[2]01 gate 6
= 1,2kQ 1000 2000
13 14 12 . 5W aW 100 Q g
- 18 |<Q . . . . .
7404" |7 |'\‘ 15kQ 222;5 | cathode 6
- - = 15V

Figure B.9 — Attack stage circuit.

B.8 Control Voltage

As shown in Figure B.10 and B.12, this stage supplies the control voltage to
the three TCA 785 devices, which are part of the firing control circuit. This stage is
basically composed of an operational amplifier 741 that is configured as a voltage follower,
which means that it is not an inverter amplifier with gain 1. Potentiometers P1 and P2
define the maximum (180°) and minimum (0°) adjustments to the conduction angle.
Potentiometer P3 defines the conduction angle, which is an adjustable value in the range

between potentiometers P1 and P2.

Figure B.10 shows the control voltage circuit with the CI 741.
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+Vcce
g ! Pl
[—}
=
(@)
- —
= H— To pin 11 of
5 P2 TCA 785
L)
+Vce
Figure B.10 — Control Voltage Circuit.
B.9 General Overview
Figure B.11 shows the block diagram.
Phase a . e rewoy L
Fir z@als at 120° ?:x;:lim Stage | 14
iring : H
.-\ngl; = Three-phase
Control O | . |
Phase b 13
- Pulse Attack
o ;’n 120 Photo. *Stase " o
o3 Coupling
Control
Voltage L.__]
Phase c i Pulse Attack 15
Signals at 120° _ Stage n
Gener. ’l ||Couphng
— ]
f Voltage Voltage
Synchronism ; Source Sources

A 0 Transformer

l Supply Voltage

Figure B.11 — Block Diagram of Complete Control Circuit

Figure B.12 shows the electrical diagram of the firing circuit of the thyristor bridge

[44], [45], [46]. Figure B.13 also shows the electrical diagrams used for the 6 voltage sources

that are shown in Figure B.12.
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[T

+15V

a) Firing Circuit Diagram

sv sV
FR () — +Vcc from 415V
Regulator +15V ol 120° 120°
+5V
@ ;

VS 1= +15V

2000Q
aw 1000

Vs4
VS 4= +15V
180+ | 120°
nf
1

Phase

440nF 150

L T,
. IN 4001 gate 4
VA= = 1000 2000
1000
sk}

athode 4

Fsv = ssv i

+5V "
Y " m
+15V T 180a | 120°

VS 3= +15V

AAOFF 150

IN 4001 gate 3

1000 2000
5W 4w

[

S
S82VOL
0L 6 v 2 £l

L ob
J:

IN 4001 gate 6

2000
aw

IN 4001 gate 5

S82VOL
g
H
2]
&

IN 4001 gate 2

Figure B.12 — Firing Circuit Diagram

b) Voltage Sources (VSs)

0V =+15V ~
%8/:;/12\/ ) v 2112V 2V =+5V 20/12/12V
INAOO1 500 mA INAOOL vs3  S00mA
2200 pF 50V _|_ 2200 pF 50V
GD1 ‘ GND3
~415V ”
20V 12V B > 20V 2V =415V 20V 2V =415V
IN4001 vt IN40OL Vvsé IN4001 ve2
2200 pF 50V _|_ 2200 pF 50V 2200 pF 50V
GND4 | GND6 ‘ GND2
> >

Figure B.13 — Voltage Sources for Firing Circuit Diagram

Notes:

1. A switch Sx was installed to select the operation to either the manual or automatic
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position between pin 3 of buffer 741 and potentiometers P1 and P3. Sx is in the
manual position as demonstrated in Figure B.12. When Sx is in the automatic

position, the signal comes from the regulator output instead of potentiometers P1
and P3.

2. P1 serves to adjust the maximum alpha conduction angle and P2 serves to adjust

the minimum alpha conduction angle.

3. The integrated circuit TCA 785 is a current version of TCA 780. Both have the

same functions and pins.

B.10 Conclusion

This appendix presented the concepts of operation and functioning of firing circuit
to control the three-phase thyristor bridge firing angle using the integrated circuit TCA
785.

This electronic circuit generates all the logic of the command signals that will
control the thyristors operation. The aim of the device is to drive the thyristors by using

the necessary gate current.

This firing circuit was developed to control the firing angle of thyristors, transistors,
and TRIACs continually in the 0° to 180° range. It has a large number of configurations

and few external components as demonstrated in this appendix.

The firing circuit logic and functioning algorithm were shown, as well as, the
firing circuit and parts of this firing circuit. The most contribution of this appendix is
the presentation of complete firing circuit tested and implemented in the Laboratory of
research development of electrical didactic laboratory of Federal University of Itajuba
with all details that becomes possible a new assembly that can be done for anyone using

these same components.

This kind of control board will be used in the primary machine of the synchronous
generator in order to control the primary machine speed that will drive the SG as shown

in chapter 3.
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APPENDIX C - Voltage Regulators and

Filters Project to Synchronous Machine

C.1 Introduction

Generator frequency and voltage regulation means to enable the generator to re-
spond the load disturbances and electrical system variation in a way that the system

frequency and voltage can be maintained constant and within the acceptable limits.

This chapter will show a new technique named symmetrical optimization to carry
out adjustments of the voltage regulator parameters as shown in [47]. This new technique
has already been applied in the speed regulator of a DC'M. Otherwise, there is nothing
about it in the scientific community related to use this technique over generator voltage

regulator. Then, this one is the original contribution of this appendix.

This appendix presents theory concepts and practical experiment about the de-
velopment of analogical automatic voltage regulator applied on the SG terminals, which
operates in an isolated electric system. Moreover, this kind of voltage regulator and its
parameters, such as gain and regulator time constant will be defined and adjusted by this
cited technique [4, 47].

The content of this appendix can be used in the experiments with voltage regulator
as those shown in chapters 1, 2 and 3 to establish the first approximation of the voltage
regulator parameters for SG voltage regulator, such as gain and regulator time constant.

The final adjustments are always done experimentally (fine adjustment at the workbench).

C.2 Calculus of Generator Field Resistance and Inductance

Figure C.1 shows the auxiliary circuit mounted in the laboratory to determine the
generator field resistance and 7' (Generator field time constant). As shown in Figure C.1,
dividing the Vy, (Generator field terminal voltage) , by the I.. (Generator field circuit

current), the Rygmed (Measured field electrical resistance) is given below:

116.3V
0.42A

Rygmed = ~ 277 Q (C.1)

As additional information and to calculate the reference temperature resistance,
48], to 40 °C', ©,.¢, for the temperature rise test [49, 50|, the equation indicated in C.2
!
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Iec =0.42 A
CC /) /A\
‘ \_/
Vi +
1163V — Oscilloscope Red

Figure C.1 — Auxiliary Circuit Mounted in the Laboratory

is used:

234.5 + O,

R — Ryymed
garef = Rpamed X oome——a—

(C.2)

considering:
Ryqmed : Measured field electrical resistance
©,cs : Reference temperature resistance

Onea : Measured winding temperature

The 277 €) resistance measured during the experiment was obtained for ©,,.4 =

22.0 °C. Otherwise, the reference field resistance for 40 °C is calculated in Equation C.3:

" 234.5 4 40.0
2345+ 22.0
Note: The field winding is made of copper.

Rygref = 277 = 206.4 ) (C.3)

Figure C.2 shows the current /.. during the field energization transitory.

From Figure C.2, it is found 7/= 160 ms, that corresponds to time interval to
current I.., reaches 63 % of steady state current, that is equal to 0.42 A. Once the field
resistance and the generator time constant have been defined by Equation C.4, the field

inductance is calculated:

T = —— (C4)
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Le [A]

0,420

0,26

= 160 T [ms]

Figure C.2 — Generator Time Constant Determination
Thus, it can be seen that:

Lig=1" % Rpq=160.0x 107 x 277 = 44.3 H (C.5)

The generator field circuit parameters are shown in Table C.1.

Table C.1 — Excitation Parameters of Salient Poles Synchronous Generator

Generator field resistance Rpq =277
Generator field inductance Lig=443 H

C.3 Voltage Regulators and Filters Project

C.3.1 Introduction

The generator system regulator compares a reference voltage and an output gen-
erator voltage; this difference results in control of the synchronous generator excitation
voltage to increase or decrease the excitation current in accordance with the desired out-
put voltage V,.; (Reference Voltage). In this way, the generator output voltage tends to

stay within a predefined voltage range under rated load variations.

Figure C.3 shows a simplified block diagram of the voltage regulation.
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Vref AV v, .. Esar — v V.
’ Regulator — gigfﬁt -%-Converter—» E)gilrtgsi?n 5> sG ‘
Vi
Transducer

Figure C.3 — Simplified Block Diagram of Voltage Regulation

Legend:
V' Control voltage;
Via: Generator field voltage;
Visa (Generator output voltage)
Vi (Transducer output voltage)
Vyes: Reference voltage;
AV Voltage error signal,
SG': Synchronous generator;
Escr (Synchronous generator field terminal voltage)
a: Firing angle.
Note 1: For Egqy=V4q, the voltage drop in the cables and connections in the circuit
between the field thyristorized converter bridge output and the machine field terminals
is neglected; Note 2: V; produces field excitation current and, by means of this one, the

armature voltage, V,, is induced.

C.3.2 Voltage Regulator Optimization

In the proposed scheme, the full wave three-phase rectifier with thyristor (Graetz)

shown in Figure C.4 will be responsible for synchronous generator excitation control.

P

LK LK LK i
R

L]

|

T 'y
/’ / d Lfd
T ? T, ¥ T #

Figure C.4 — Full Wave Three-phase Rectifier with thyristor [2]

N

Legend
Ryq (Field resistor)
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L4 (Field inductor)

The thyristor circuit within this topology does not react immediately to variation
of the firing angle, whereas after the commutation moment, the pair of thyristors starts
conduction just after the conduction of previous couple of thyristors. In general, a typical

reaction time value 7, (firing circuit time constant) [51] is:
Tss =1.5 mS

The feedback channel filter time constant, 7,4, reduces the ripple due to the function
of the transducer diodes bridge. This time constant filters the proportional signal so
that the interference can be minimized. In this work 7, the feedback channel filter time

constant, is as shown below [51]:
Tgi =1.5 ms

The voltage regulator is responsible for dynamic characteristic compensation of

the voltage control loop as shown in Figure C.5:

. Firing Static Excitation
v Filter Regulator circuit Converter circuit
ref : >@AV ti Vc : ‘.; Vfd /_— Vsa
1 * K 1 + ST,i 1 Vs 1
1+ Sty PST 1+ St 1+ 8T
Transducer
filter
\£
: Transducer]
1
1+ STgi

Figure C.5 — Full Blocks Diagram of Voltage Regulation System

Legend:
7’: Generator field time constant
7'; (Regulator time constant)
T4i: Feedback channel filter time constant
Tys (Smoothing time constant)
Tes: Firing circuit time constant

V,: Gain of static converter

After the filtered reference signal, not considering the regulator and transducer
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blocks, if the time constant is more than the sum of the rest of the first order delays
(whose blocks have the first-degree polynomial in the denominator), this is termed as a
large time constant. The rest of them are called small time constants. The sum of small

time constant o is:

0 = Tes + Ty = 3.0 ms (C.6)

The resulting value from the ratio between the generator field time constant, 7/

and four times the sum of the small time constants, o is:

T 160 x 1073

4xo0 4x3.0x103 3-3 (C.7)

This relation is shown in Figure C.6.

Table C.2 summarizes the time constants of the controlled system [4]:

Table C.2 — Excitation Parameters of Salient Poles Synchronous Generator

Generator field time constant Large 7/ =160.0ms
Firing circuit time constant Small Tes = 1.DMs
Time constant of feedback channel filter Small Tgi = 1.5ms

The smoothing time constant, 7,5, which minimizes the overshoot from the step

signal in the loop entry, is:

Tys =4 X 0 X <1 — 6—(25—1)) (C.8)
Substituting the corresponding values in Equation C.8 results in:

160x10 3

Tys = 4 % 3.0 X (1 - e_(4x3-0x10—3_1)) = 12ms (C.9)
The smoothing time constant 7,, and the resulting value from the ratio between
the large and small time constants define the point P shown in Figure C.6 [4]:

According to Table 6.3 from [4], the PI regulator should be chosen as shown in
Table C.3.

Table C.3 — Excitation Parameters of Salient Poles Synchronous Generator

Type of Regulator Optimization Method

PI > 1 Symmetrical optimization (SO)

When the ratio % is bigger than 6, this is much greater than 1, (>> 1). Then, the

regulator to be chosen would be the P regulator as [4], however, this regulator introduces
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gslb

12ms g = === = = —— - - o C————— o—

30 +
20 +

lo 4

Figure C.6 — Value of 7,5, and Relation between the large and the Small Time Constants

an error in the steady state response, that result in an undesirable condition. Therefore,
the result of ratio % was considered only greater than 1, it means > 1. For that reason,
the PI(proportional-integral) regulator and symmetrical optimization (SO) method were

chosen.

The PI regulator adds the pole in the origin, which results in zero error in steady
state mode. The PI regulator has a proportional part whose response is instantaneous
and an integral part whose response is delayed. Then, the PI regulator was considered

the better regulator for this system.

This PI regulator is defined by the following transfer function F(s):

1+87'/i
Xi

ST/Z‘

F(s) = K, (C.10)

Legend:
K, (Voltage regulator gain)

7';: Regulator time constant

The PI regulator or P controller is widely used in electrical drives and it has a
phase delay compensation, which results in better transient responses and a small precision

variation in steady state. It may, thus, be used to minimize the error in steady state.

After the stage of choosing the controller type and the optimization method to
be used, the final definition of the controller can be obtained by adjusting the regulator
parameters and applying the selected method.

Otherwise, in order to initialize the regulator optimization, it will be necessary
to use the Graetz bridge with thyristors that was presented in Figure C.4. Considering
the topology of this bridge, the synchronous generator field terminal voltage, Esqy, is
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calculated by Equation (C.11):

Esar =1.35 x B, X cosa (C.11)

Developing the expression above:

Esay

E

Bl =135 x 2 x |cos ((j) x 7r) (C.12)

E'n: Rated voltage across SG field terminals.
and deriving Equation C.11 against the variable &, we obtain the following:
d Esgy E
(d(Ef:V) ) =—1.35x 7 X E—’:; X |sin ((:) X 7T) (C.13)

Defining e = Eg—if and o, = ¢ (firing angle, in pu) results in:

d E

d(ozej =—1.35 x 7 X E—T; X [sin(a)] (C.14)

From control theory, the converter gain V, is presented as a variation modulus

between output variation and input variation:

d
Ve=|— C.15
do, (C.15)
Adopting Equation (C.15), Equation (C.14) can be rewritten as:
Eipp :
Vi =135 x 1 x == X [sin(a)] (C.16)
En

The rectifier circuit presented in Figure C.7 has a voltmeter connected to the bridge
output terminals in order to measure the voltage, and an amperemeter in series with the
positive terminal and with the field generator resistor to measure the I.,. (excitation

current):

From 113.08 V applied across bridge by varivolt, the measured parameters during

the tests were:

e /...~ 0.35 A - rated excitation current;

e E,, (Phase-phase voltage) (ERS, EST, ETR) = 113.50 V phase—phase voltage at

the voltage variator output;
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£LE LK | —
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T st |®1R
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Figure C.7 — Graetz Bridge with Thyristor and 220 V Grid Voltage

o Iy =103.74 V - rated voltage at rectifier bridge output.

Substituting the measured parameters in Equation (C.16) gives:

113.5
= |-1. '
V 35 X X 103.74 X Sino
The convertor gain V is then:
Vs = 4.64 X sina (C.17)

In this kind of control, the @ range consists of angles between 30° and 90°, the
lower limit is defined by reasons of drive safety, and the upper limit is defined by reasons
of continuity of work. Therefore, converter gain is not dimensional and, in general, it is
obtained at an intermediate o value. Thus, the defined value of a was 60 ° that result in

Vs equal to:

Vs = 4.64 x sin60° = 4.02

In this way, the convertor gain will be applied to the voltage regulator gain calcu-

lation as shown in Table C.4:

Table C.4 — Regulator Parameters Adjustments and Optimization [4].

I .
Symmetrical optimization Regulator parameter adjustments

!
T Kp
: B 4o’ T’
Symmetrical functions e S
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Table C.5 — Optimized Voltage Regulator Parameters

Parameters Proportional-Integral
Voltage regulator optimized gain K, =16.63
Regulator time constant T =T7.7Tms

Referring to Table C.4, the regulator gain K, can be calculated as the following

equation:

7_/

K,=— C.18
PoaxVixo ( )
160 x 1073

P92 %4.02%x3.0x103

Referring again to Table C.4, the voltage regulator time constant, 7/;, is calculated

as in the following equation:

4xoxT1
= C.19
g T+3 X0 ( )
,  4x3.0x160

= x 107 =177
T T 16043 %30 ms

Table C.5 summarizes the classification and optimization parameters needed for

the voltage regulator implementation at the workbench.

Considering these results, R,y (Proportional branch adjustment resistor of voltage
requlator) and RMsy (Integral branch adjustment resistor of voltage regqulator) adjustments
will be calculated over the voltage regulators implemented in the laboratory, as shown in
Figure C.8.

Note: This cited methodology was developed to analogical regulators. Otherwise,
the digital regulators, MP 410T produced by Semikron have parameters adjusted man-
ually, by the use of control keys. In other words, electronic board MP 410T does not
require the resistor adjustments 12, and RM, as shown in this cited methodology of this

appendix.

C.3.3 Practical Implementation of Voltage Regulator

The regulator implementation uses the parameters previously calculated as [4].
Thus, to calculate the R, and RM, (or SRM?2 (adjustable resistor of integral branch))
adjustments, the parameters previously calculated should be considered, such as gain

K, and time constant 7';. Figure C.9 shows the voltage regulator topology that was
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IN 758
+15V ——H—lo Y]
CF
8,8 uF
RF l
YT
Vref 10kQ
10 kQ 22kQ 22kQ
° Mg 27kQ *— -
R, R, le o Q2 —o Vc
- +
Rlil Rléz 4,7kQ RM;,
15 kQ 15 kQ Ry § 470 Q /N IN 4148
100 Q
R,, ,7 kQ
RM;F

Figure C.8 — Voltage regulator

implemented in the laboratory with the passive filter “T” in the reference channel (blue

line) to minimize the maximum peak.

IN 758
+15V — oK
L 4 10V -
8,8 WF
R ——
YT —
E Vref 10 kQ
10 kQ 2kQ 22kQ
p——MN—p 27kQ [ S
Ry Ro Q1 MM Q2 — V¢
- +
— " .
] i2 4,7kQ RM,
15 kQ 15 kQ
v O_MM___,_I_MM_ Rqi 3 4700 /L IN4148
t Cs == Ci 100 Q 47 k0
1,22pF 0,22uF $3.9KkQ R, '
GND RM,

Figure C.9 — Voltage Regulator Topology with “T” Filter in the Reference Channel

With the topology indicated in Figure C.9 [51], it becomes easier to calculate the
regulator gain, K. Thus:

RF
K = C.20
b a X (Rzl + ng) ( )
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Isolating the variable a gives:

Rp

— C.21
¢ K, x (Ra + Ri2) ( )

The resistor value to the gain adjustment can be expressed as Ry, (total resistor

value of proportional branch), Ry, = Ry + Ry = 4.8 k€. This means:

R =ax Ry (C.22)

Again, isolating the variable a gives:

R,

= C.23
P (©23)

a

Matching Equations C.23 and C.21 and isolating R,; (adjustment resistance of

voltage regulator) gives:

Ra; Rp

Ry K, x (Ra+ Ri) (€24
Roj= ¢ f?élfj:’”%) (C.25)
= R R R 020
Substituting the values in Equation C.26 gives:
R _10><(4.7—|—0.1O):241'39 (C.27)

77 6.63 x (15 + 15)

Adopting the gain K, as not defined, it is possible to find the limits of K, by

changing R,; as follows:

Based on Equation C.26 and isolating the variable K, results in:

s - Br X By + Ryp)

— C.28
b Rqj X (R + Ri2) ( )

For R,;=0.10k(2, the minimum R,; value, the K., (mazimum regulator gain) is:

10 x (4.7 4 0.10)

=1 .
0,10 x (15 + 15) 6 (C-29)

K pmax —
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For R,;=4.8k(), the maximum R,; value, the K, (minimum regulator gain) is:

10 x (4.7 + 0.10)
it = e (154 15) Y (C-30)

Then, as the defined resistors for the controller, K, can vary from 0.33 to 16.
Adjustment of the time constant causes more stabilization over the output reaction

values. Thus, in this way, the regulator time constant 7/; is:

7'i = Ry x Cr (C.31)
’lJi

- .32

Ry; c, (C.32)

Where, Ry; (total resistor value of integral branch), Ry; = RM1 (integral branch

steady resistor of voltage requlator)+ BRM?2, and then:

BRM2 = Ry — RM 1 (C.33)
Substituting Equation C.32 in Equation C.33 gives:
T,
BRM2 = —" — RM1 (C.34)
Cr
Then, the adjusted resistor is:
7.7 %1073
X047 x 10° = 405 Q) (C.35)

M2=———
bR 8.8 x 106

C.4 Results
The adjustments of R,; and SRM?2 are shown in Figure C.10.

Table C.6 shows the values of the gains and adjustments implemented during the

voltage regulator implementation stage.
Then, the full implementation of the voltage regulator for the synchronous gener-

ator is shown in Figure C.11 [47]:
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IN 758

+15V S
10V
CF
8,8 uF
e — i
10 kQ
2kQ
Mg -
— R., .—(il Z,ZA:( Q “—{MH Vc
5 + [+
Ri> 4,7kQ RM,
15 kQ Ry $ 4700 7 IN4148
Vi Cs== == ¢j R s1000
1,22uF 022uF 339kQ Koz R, BRM,
GND RM ~F‘j4,7 kQ

Figure C.10 — Voltage Regulator Topology

Table C.6 — Voltage Regulator Adjustments

Gain adjustment resistor R,; =241.3Q
Adjusted time constant resistor BRM?2 = 405 )
Voltage regulator optimized gain | K, (regulator gain)= 6.63
Maximum regulator gain Kpmaz= 16
Minimum regulator gain Kpmin= 0.33
Regulator time constant 7/,= 7.7 ms
Varivolt
01
c d 4&
R
[ ~ S
e (SG T
i N
Vre k o o L
) J Vc Ial 0
vt LIt 220V
Varivolt rﬁ 12y
02 ‘ |
+ < -

RS TN

Figure C.11 — Voltage Regulator System for Synchronous Machine

Z2-1 v x
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Legend:
a Rheostat f Three-phase load
b DC motor armature g Voltage transducer
c DC motor field h Synchronous generator field
d Diodes bridge i Thyristors bridge
e Synchronous generator ] Voltage regulator

Firing Circuit

C.5 Conclusion

This appendix presented theory concepts and practical experiment mounted in
laboratory about the development of an analogical automatic voltage regulator applied
on the SG terminals, which operates in an isolated electric system. Moreover, the kind
of voltage regulator was defined and its parameters as gain and regulator time constant

were estimated or calculated using the symmetrical optimization technique [4, 47].

In spite of the analogical voltage regulator parameter optimization procedure has
been presented in this appendix, the voltage regulators implemented in laboratory and
shown in chapters 1, 2 and 3 were the digital voltage regulator. This kind of regulators uses
a Semikron MP 410T board and their parametrization was performed by experimental

adjustment method.

Note:The analogical regulators (speed and current regulators) were used in the

speed control of the SG primary machine, DC motor.
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APPENDIX D - Four-quadrant Regenerative
Driven System for DC Machine applying
Speed Reversion using either Armature

Current Reversion or Field Current Reversion

D.1 Introduction

A regenerative driven system for DC machines in four quadrants was implemented
in the laboratory of research development of electrical didactic laboratory of Federal Uni-
versity of Itajubd, [26]. The speed reversion was done using two distinct methods: the first
consisted of armature DC current inversion through the use of two converters, whereas,
the second, consisted of inversion of the field current through the use of one converter.
The results of both methods are presented, discussed and compared. The symmetrical

optimization method [4] was chosen to adjust the regulator parameters.

The controlled drive system for DC machines is widely used in industry, [37, 38,
51, 26]. Speed reversion is needed in many industrial processes. In order to achieve this
aim, this work will present the use of the two cited methods to return regenerative energy

to the grid during the braking process [26, 40].

The content of this appendix is basis of content shown in chapter 3 which is

addressing the subject energy regeneration system to control the frequency increase.

D.2 Block Diagram of Controlled Drive System for use in DC Ma-

chine

Figure D.1 shows the full block diagram of the DC machine:



APPENDIX D. Four-quadrant Regenerative Driven System for DC Machine applying Speed Reversion

using either Armature Current Reversion or Field Current Reversion

144

Ve la

Motor

+ . Motor [
i Speed Current i Firing Static Electrical ; Mechanical
Filter Regulator  Filter Regulator§ Circuit Converter Block ! > Block
| A=)
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1+St, Sty
Current
Transducer
[—1
-
1
1+ STgi
Speed
Transducer
]
1
1+ 874y

Figure D.1 — Full Blocks Diagram of DC Machine

Legend:
Tgs1 Filter time constant of the reference channel of the speed loop
T4s2 Filter time constant of the reference channel of the current loop
Vg, Gain of the speed regulator
Vr; Gain of the current regulator
T, Time constant of the speed regulator
7; Current regulator time constant
Tgn Filter time constant of the speed transducer
T4 Filter time constant of the current transducer
Tss Lime constant of the firing circuit
V. Gain of the static converter
7, Armature circuit time constant
V; Gain of machine electric part

V.. Control voltage of thyristor firing system

Note: Figure D.1 shows the PI regulators of DC machine. The motor regulator

parameters were obtained by the symmetrical optimization method [4].

D.3 Laboratory Implementation

In order to implement the system in the laboratory, the following data plates were

shown in D.1 to D.3 [40].

Note: All these values were obtained as described in [40] and in appendix A.
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Table D.1 — Motor Data
Power Current Rated No load Rated Armature
speed speed voltage resistance (Y- Ra)
1.7 kW 772 A 1500 rpm 1770 rpm 220 V 7.0 Q
Table D.2 — Speed Regulator Parameters
Type Gain Time Reference channel | Speed transducer
(Vin) constant (7,) Filter time filter time
constant (7,1) constant (7,,)
PI 6.7 460 ms 416 ms 100 ms
Table D.3 — Current Regulator Parameters
Type Gain Time Reference value Feedback
(Vi) constant (7;) filter (7452) current filter
(7gi)
PI 0.8 13.34 ms 15.43 ms 1.39 ms

D.4 Full Hardware of Implemented Drive System

Figure D.2 shows the implemented drive system and Figure D.3 shows the full

hardware of the control system [4], including the control switches.

P1

S|

47kQ  Feedback speed
ignal _
Una REAL

DC
Motor
Field
Current
ki 4+

/ +

k2

>

I T =
0.3C125 1 \
TC30/5A A A - Y -y v
220/200V mm— . —

— < f S—

e \ () 69{
) \/ /

N h : ]

L ===

= T T

| ) 7 S Sl —Y —V¥Y —Y¥Y
Synchronizing /*'>‘ o Sl 3 5
transformer ‘<~— —) /Y 30¢ o VAN
\ / SO
10kQ ';W\ I
SKN 12/08 +
»——] »t Pin5  pins Pin5
> >t TCA785 Tca785 TCA785
> > 470kQ
10 10 10 10 | 47k P2
Current

Q6
Feedback  Regulator

current signal
Via REAL

Figure D.2 — Implemented Drive System
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-15V +15V

8.2kQ RF 1ov IN758
RS1' RS2' R
M M, CF
100 kQ 100 kO 100 kQ 8.8 uF
15kQ
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22kQ 22kQ
10 kQ o ol s
C RS1" vl |q ——$— Ve
&2 10kQ o - To pin 11
s1' I TCA 785
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8.8 uF 2.2 4F 2

Figure D.3 — Control Circuit

D.5 Speed Inversion by Armature Current Inversion

Considering the diagram shown in Figure D.4, after the switch S1”7 turns from
negative to positive, the operations occur as shown in quadrants I, IT and III. When the
switch S1” turns from positive to negative, the operations occur as shown in quadrants
III, TV and 1.

Clockwise Clockwise
Braking 4n Accelerating

NN\

@T T

I |1

T

I | IV
Ol &
1 1
Anticlockwise Anticlockwise
Accelerating Braking

Figure D.4 — Conjugate (t) versus Speed (n) Diagram

In order to clarify Figure D.2, the switch S2 is closed and then converter I and
converter II are running one at a time. This system is known as a dual converter, without

circulation current.

In this way, if converter I is running, the switch S1 shown in Figure D.3 is close
and switches S1’ are open. On the contrary, if converter II is running, the switches S1’
are closed and S1 is open. The switch S1” enables the speed inversion. The switch S17’
will promote the blockage of the converter pulses I and unblock the converter pulses II
as shown in Figure D.5. There is a period of about some milliseconds in which both

converters are blocked and, thus, they are not running. Figure D.5 shows this sequence:
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CONVERTERI CONVERTER II
x D TCA785 3x p TCATS5
s 4
gououyg uu ooy uu
sllll ‘"Is'
= >
(a) (b)
(a) Converter I (b) Converter II

Figure D.5 — Closing of Converters I and II

The commutation switch concentrates the switches S1, S1’, S1” and S1”’, which
are shown in Table D.4 with their operations and interlocks. This kind of switch as shown
in Figure D.6 is composed of 2 switches per disc that totalling 6 switches. Thus, it is
possible to configure many different combinations among them. Table D.4 shows the open

and closed combinations of these switches.

Levels of key
locations

(a) key locations (b) Commutation switch views

Figure D.6 — Commutation Switch S1

The bridge firing system was implemented using 3 integrated circuit TCA 785
devices for each converter bridge. Then, when S17” is closed, pin 6 is connected to earth and
then bridge I is blocked. In reference to converter II, this is turned on because S1”’ from
Figure D.5b is opening, contrary S1”’ from Figure D.5a. During commutation between
two switches S1”7 from converters I and II, there is a short period of about 50 ms in which
these two switches are kept closed. For this reason, both converters are kept blocked in
this period until the total extinction of bridge current that is under operation. The other

bridge will just be in operation after the current extinction. The dual converters under
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study are rated to run without circulation current. Figure D.6 shows the commutation

switch used in the circuit.

In addition, Table D.4 below shows the switch behaviour when S1” changes its

current state.

Table D.4 — Cause and Effect Matrix

S1 S1’ S1” S17” Converter I | S17” Converter 11
open closed S1”7 changes from closed open
-15V to +15V
closed open S1”7 changes from open closed
+15V to -15V

D.6 Rotation Inversion using the Field Current Inversion

In this case, it is necessary to use only a converter of Figure D.2 and the switches
shown in Figure D.2 and Figure D.7. If switch k1 is closed, k2 is open, so the field current
is running in a specific direction. On contrary, if switch k2 is closed and k1 is open, then

the field current is appearing in another direction. Figure D.7 shows the control circuit.

Fuse 4 A
o—1 1
B | |
i dit a2t
1 2
=220V A K2 K1
A
/ /
/ /
dIt d2t /] K1 7 K2
o -
Fuse 4 A // y; d
Interlocks

K1, K2 Time relays
Sliv Speed communication switch

Figure D.7 — Control Circuit

When the commutation switch S1?V is in position 1, k1 is energized. If S17V is
in position 2 and then there occurs a delay monitored by the time relay corresponding
to about 100 ms, this results in contactor k1 being turned off and contactor k2 turned
on. That minimum time is necessary so that stored energy in the field can be discharged.
With this aim, the resistance equivalent to 700 €2 was inserted in parallel to the motor

field circuit as shown in Figure D.8.
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FIELD CIRCUIT
oYYy

AAVAVWAVAVAVA
700 Q

Figure D.8 — Resistance to Energy Dissipation in Machine Field Circuit

D.7 Results

Figure D.9 shows the speed inversion process in the dual converter (armature
current inversion). Figure D.10 shows the cited process related to field current inversion.
In Figure D.10, the friction process is used to stop the machine. In this case, the time

required is longer than the case in which the regenerative braking occur.

It is also noted that for the braking due to armature current inversion, the period of
time required for braking and rotation inversion (quadrants I and II) is different from the
period of time corresponding to braking and rotation inversion of the motor in opposite
speed direction (quadrants III and IV in Figure D.4. This phenomenon is due to summing
or subtracting between the main flux and armature reaction flux. In this way, the resulting
flux is bigger in one case than in the other. As the limited current was kept practically
constant for both cases, the braking’s resulting conjugate was different, which resulted in

different rotation inversion periods in these two cases.

In the rotation inversion case using the field current, this cited phenomenon was
not observed, which means that the braking and inverted direction acceleration periods

are practically equal for both directions.

D.8 Conclusion

Both of the methods using speed regenerative reversion described in this work have
good results. The method that uses field current inversion has a major advantage due to
the fact that it uses only one converter. In cases where a high speed is not required to
start the braking process, this is the recommended method. There is a new dual converters
method in which the change of converters is faster than seen in this work because it can

accept circulation current. Implementation of this new method is foreseen as future work.
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Figure D.10 — Rotation Inversion using the Field Current Inversion
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APPENDIX E - Induction Motor

Parameters

The follow calculus was developed as [32] to find the induction motor parameters.

E.1 No Load and Locked Rotor Tests

The Figure E.1 shows the circuit implemented in laboratory to no load test and

locked rotor test. The temperature during the test was 26°C.

(R)——
\&
R1 { w1
- R2
f w2
L

Figure E.1 — No load test and locked rotor test circuit

The Figure E.2 shows the induction motor I M equivalent circuit.

rl x1 x2' r2'
. 2822 ML A
— - —
il 1ml i2'
Vph irml l ixm 2/1"2'( 1-s)/s
stator rm xm rotor

Figure E.2 — Induction Motor Equivalent Circuit

Note: Vph = Vphase

E.1.1 No Load Test

In this section will be presented the no load test and locked rotor test to calculus

the IM parameters such as impedances, currents, losses and efficiency
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The Table E.1 presented the no load test measurements.

Table E.1 — No load Test

Vapplied (V) | W1 (W) | W2 (W) A(A) WI1+W2(W)
240 -120.0 +220.0 1.50 100.0
220 -100.0 +170.0 1.35 70.0
200 -70.0 +130.0 1.15 60.0
180 -60.0 +110.0 1.00 50.0
160 -40.0 +80.0 0.90 40.0
140 -30.0 +60.0 0.75 30.0
120 -20.0 +45.0 0.65 25.0
100 -15.0 +30.0 0.55 15.0
80 -10.0 +20.0 0.50 10.0
60 -4.0 +12.5 0.25 8.5
40 0.0 +5.0 0.15 2.0

Figure E.3 shows the curve of voltage applied and power measured by watt-meter
(W1) and (W2). Note that the cross of curve and vertical axe result in estimated P,
(attrition and ventilation losses). In this case P,, is 3 W as demonstrated in the Figure
E.3.

120
100
80

60

WI1+W2 W

40

0 50 100 150 200 250 300
Vapplied V

Figure E.3 — Results of no-Load Test: W1+W2 vs Voltage Applied

e Magnetization Current
Note:
I, (Magnetization Current)

I,,= 1.35 A as shown in Table E.1.
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rl x1

iml

Vph im | | ixm
stator m Xm

Figure E.4 — Equivalent Circuit — No-Load Test

E.1.2 Locked Rotor Test
The Table E.2 shows the locked rotor test measurements.

Table E.2 — Current Regulator Parameters

WI W) | W2 (W) [V (V) In(A) | WIrw2 (W)
20 65 39.34 1.80 85
e In
In = P (E.1)
V3 X V,,, X cosp X 1
370
In= E.2
T3 % 220 % 0.71 % 0.76 (E2)
Note:

7: motor efficiency

Figure E.5 shows the induction motor IM equivalent circuit during locked rotor

test

E.2 Stator and Rotor Parameters

Legend:
Rm (Motor Average Measured Resistance)
Ry (Phase resistance in star connection)

Rd (Phase resistance in delta connection)
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rl x1 x2' r2'
o /MM e ool AN
—
In
Vph
[ 2

Figure E.5 — Equivalent Circuit Locked Rotor Test

Table E.3 — Average Resistance

RAA RBB’ RCC’
10.03 10.30 10.16

~10.03 +10.3 + 10.16

Ry,
3

= 10.16 Q2 (E.3)

o 1y (Stator winding resistance) Calculus

Follow the calculus memory of stator winding resistor r;.

A

BI

rd rd Rm

c o ~ C
rd

Figure E.6 — IM Winding Connection

B rd X 2rd
™ 3rd

2

3
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1
Asry = grd (E.7)

And putting (E.6) into (E.7), it has

. _ R, 10.16
YT T
ry=rl=>5.08 (E.8)

e 15’ (Rotor winding resistance referred to stator winding) Calculus

From Table E.2, W1+W2=85 W

W1+ W2=3x(rl+r2) x in? (E.9)
85 ,
2 = 3.66 (E.10)
e () (Reactive power)
Q=3 x (W2-W1) (E.11)

From Table E.2, W2-W1=45

Q = V3 x (65— 20) = 77.94 Var (E.12)

Q=3 x (14 22') x In? (E.13)

o 1y (Stator winding reactance) and xy" (Rotor winding reactance referred to stator

winding)

doing (E.13) and (E.2) in (E.14)

77.94 =3 x (1 + 22) x 1.8 (E.14)
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(z1+22') = 8.01 Q (E.15)
xl — 22’
{7‘1 —> 7"2’] (E.16)

doing (E.8) and (E.10) in (E.16)

xl — 22
5.08 — 3.66
rl x x2/
1= E.17
z > (E.17)
5.08 x x2
l=—"7—— E.18
! 3.66 (E.18)
From (E.15) and (E.18), result in
5.08 x 22/ + 22" X 3.66 = 29.32 (E.19)
22 x 8.74 = 29.32 (E.20)
22 =3.35Q (E.21)
doing (E.21) in (E.18), result in
_ 5.08 X 3.35 (£22)
3.66
21 = 4.65 Q (E.23)

E.3 Power and Losses Calculus

The P,, was defined in Figure E.3 and consist in 3 W. P,; (No load losses) is
obtained from no load test for 220 V, it resulted in 70 W (W1 +W2).

® Pigator (No Load Stator Joules Losses)
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Pjstator26° = 3 x 71 x im? (E.24)
Pjstator26° = 3 x 5.08 x 1.35 (E.25)
Pstator26° = 2777 W (E.26)
o Py (hysteresis and Foucault losses)
Pp=(W1+W2)—3xrlxim?— P, (E.27)
Pup=70—3x5.08x 1.35° -3 (E.28)
Py =39.23 W (E.29)
E.3.1 No Load Reactive Power
Qo = V3 x (W2 —W1) (E.30)
From Table E.1, W2-W1=270 W
Qo = V3 x 270 Var
Qo = 467.65 Var (E.31)
E.3.2 Magnetization Branch
e ., (No load Reactive Power in Magnetization Branch)
Qm=Qo—3xzlxI2 (E.32)
Qm = 467.65 — 3 x 4.65 x 1.35 (E.33)

Qm = 442.23Var

(E.34)



APPENDIX E. Induction Motor Parameters 158
e O (Magnetization Branch Power Factor Angle)
Qm =442.23 Var
8o
Phf=39.23 W
Figure E.7 — Magnetization branch power factor
442.23
O = arct E.35
0= et 39 23 (E-35)
Oy = 84.93° (E.36)
o [, (Magnetization branch current across resistance)
L., = Im x cos© (E.37)
I, = 1.35 X cos 84.93 (E.38)
I, =0.1193 A (E.39)
o [, (Magnetization branch current across inductor)
L, = I, X sin© (E.40)
Im = 1.35 x s1n84.93 (E.41)
I,=134A (E.42)

o rm (Magnetization branch resistance)
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Py
= EA4
rm = g T (E.43)
39.23
rm = (E.44)
3 x0.11932
rm = 918.79 Q (E.45)
e xm (Magnetization branch reactance)
_ Qm
o= (E.46)
442.23
=" EA4
Tk 1 (EA47)
zm = 82.10 2 (E.48)

E.4 Parameters of Induction Motor

Figure E.8 shows all I M parameters calculated as resistors, reactance and currents

as data obtained during experiment, without temperature correction because the motor

operated no load.

3.66Q

5080 4.650 3.350
A R e aa el (YL
— —
/ - 1354 i
127V 0.1193 A| | 134
stator 918.79 Q 82.10Q rotor

/;.66 (1-s)/s Q

Figure E.8 — Parameters of Induction Motor

E.5 Induction Motor Efficiency

It will be calculated the temperature correction factor, corrected resistances to
40 °C, corrected winding losses, Py, (Winding losses) 40°C, and total losses, P, (Total

losses), before induction motor efficiency calculus.
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E.5.1 Temperature Correction Factor and Resistance Correction

The temperature correction factor is used in order to attend the IEC standard,[49,
50], that requires the resistances correction to lead to the starting reference resistance for

the temperature rise tests, [50].

o K (Temperature correction factor for 40 degree C')

234.5 4+ 40
K, 40°C = —— E.49
' 234.5 + 26 (E.49)
K; 40°C = 1.054 for r and r}, (E.50)

e 1140C (Corrected stator winding resistance for 40 degree C')

ry 40°C = 7y 26° x 1.054 (E.51)
r1 40°C' = 5.08 x 1.054 (E.52)
ry 40°C = 5.35 Q (E.53)

e 17,40C (Corrected rotor winding resistance referred to stator for 40 degree C)

rl, 40°C = 1y 26° x 1.054 (E.54)
rl, 40°C' = 3.66 x 1.054 (E.55)
rl, 40°C = 3.86 (E.56)

E.6 Corrected Winding Losses for 40 °C and Total Losses

o P, 40C (Corrected winding losses for 40 degree C)
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The P,;, measured in locked rotor test, Table E.2, need to be corrected for 40 °C.

Follow the corrected winding losses for 40 °C.

Pwin 40°C' = Kt X Pw,-nQGOC'

P, 40°C' = 1.054 x 85 W

P 40°C = 89.59 W
e P, (Total losses)

The P, calculus:

Py = Puy + P,y + Pwind0°C

Py =3923 W +3W +89.59 W

Py =131.82W

E.7 Motor Efficiency Estimate

o P, (Motor output power)

e Py, (Motor input power)

Note: (Motor data plate is shown in Table 1.8)

Q)

out

=B,

Pi - out+Ptl

P, =370+ 131.82 W

P, =501.82 W

(E.57)

(E.58)

(E.59)

(E.60)

(E.61)

(E.62)

(E.63)

(E.64)

(E.65)

(E.66)
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370
_ E.
T 501.82 (E.67)
n=173.73% (E.68)

E.8 Induction Motor Currents

Follow the calculus of Idwyrr and [wjasr. These values are shown in Table 1.10 for

all scenarios tested.

[} IdeT

Q = V3 x 220 x Idwyr = V3 x (W2 - W1) (E.69)
Q = /3 x 220 x Idwyr = 467.65 (E.70)
Tdwyp = 1.23 A * (E.71)

Note **: The difference between Idwy;r and I, is perfectly acceptable. The dif-
ference close to 0.1 A between expected and found values is due to small measurements
errors and instruments precision and accuracy errors. It does not affect the presented

modelling. Therefore, the results and modelling continue valid.

[ ] IU}N[T

P=(W14+W2)=700W (B.72)
Q=13x(W2=W1)=467.6 W (E.73)
S = V/70.0% + 467.62 = 472.86 VA (E.74)

cosp= 2 = 10 (E.75)

S~ 472.86
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cosp = 0.148 (E.76)
Twyr = Iy X cosp = 1.35 x 0.148 (E.77)

In Figure E.9 is shown the resistor banks current and the no load I'M current.

[LoadR =5.34 A
[dwiM =1.23 A

!
| wloadR =5.00 A lwiM =0.20 A

Figure E.9 — Resistors bank and IM currents in scenarios C as Table 1.10
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APPENDIX F - Solving Equations with
Matlab

F.1 Introduction

This appendix demonstrates how the equations indicated in chapter 1 are solved.
There will be presented the Matlab code for equation solution used in two typical schemes
mounted in laboratory. The first one is focused on electrical system scheme mounted in
laboratory for feeding three resistor banks as shown in Figure 1.11. The second is focused
on the scheme for feeding three resistor banks and an induction motor together as shown
in figure 1.12. In the equation system, there are four known variables and four unknown

variables that will be found.

F.2 Equations

F.2.1 Electrical system feeding three resistor banks

Based on Figure 1.11, the equations below are formulated to calculated the currents

Twse, Icy, Twig, Ics.

I3 = Twig + I (F.1)
Ife = Twig + I (F.2)

Io =1+ I (F.3)
Twipear = Twse + Twic (F.4)

F.2.2 Electrical system feeding three resistor banks and an induction motor

Based on Figure 1.12, the equations below are formulated to calculated the currents
lwsqg, Icy, Twig, Icy. The currents Idwyr and Twyr are given values and these were

calculated as appendix E.

I = Twig + I (F.5)
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Iig = Twig + I (F.6)
[c - [deT = [cl + [c2 <F7)
leoadR + ]wMT = ]wSG + ]’LU[G (F8>

F.2.3 Power and Efficiencies

From the results of previous equations, the power of PSG, PIG, Ppeysa, Pponvic

and the efficiencies 7group, Nsa, Nre Were calculated as equations below.

Psc = V3 x Vg x Twsg (F.9)

Pic = V3 x Vig x Twig (F.10)
Ppemse = Vapemse X lapcmsc (F.11)
Ppemic = Vapemic X Lapemic (F.12)
o
NsG% = PDJZSAZ@G x 100 (F.14)

NG = PDZZIG x 100 (F.15)

F.3 Matlab Code

F.3.1 Electrical system feeding three resistor banks

This section shows the Matlab code used to solve the equations formulated for
each scenario. Not make sense to show all scenarios because it would be repetitive and
not effective. Then, in order to obtain the results, the new entering data lwgsg, Ic1, Tw;q,
Ico from Table 1.9 should be inserted in line 9 of Matlab code, Figures F.1, F.2 or F.3,

this code should be run and the viable result should be considered.
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e Scenario 1B as Table 1.9, column 1.

@ Editor - C:\Users\Vinicius\Documents\Doutorado UNIFEI 06082018\ASTES)\Matlab\Col1r.m
| Collr.m | Col2rl.m

1 $ Electrica

2 % Scenario 1: S.G.

3

A=

==

€

7 Generator Current,
8 C

9 - Isg=2.9; Iig=2.4; Ic=5.4; I1=0:

1= S=solve (Isg"2==Iwsg"2+Icl”2, Iig"2==Iwig"2+Ic2”2, Ic==Icl+Ic2, Il==Iwsg+Iwig):;
1il= 52=[S5.Iwsg, S.Icl, S.Iwig, S.Ic2],

12 = Psg=sqrt (3) *220*5.Iwsg

1= Pig=sqgrt(3) *220*S.Iwig

14 - Pdcmsg=272.9*2.0 %Pdc

15 - Pdcmig=291.3*0.5 %Pd

16 — Ngr=(Psg+Pig)/ (Pdcmsg+Pdcmig) % G

17 = Ngs=Psg/Pdcmsg $5G

18 - Nig=Pig/Pdcmig $IG e

Figure F.1 — Scenario 1B

e Scenario 2B as Table 1.9, column 2.

C:\Users\Vinicius\Documents\Doutorado UNIFEI 06082018\ASTES/\Matlab\Col2r1.m

| Collrm

1

2 - Scenario 2

3

=

==

6

7 n Generator Current,
8 % Ic ent, Il

9 - Isg=1.5; Iig=5.8; Ic=5.4; I1=5.0;

L= S=solve (Isg"2==Iwsg"2+Icl”2, Iig"2==Iwig”"2+Ic2”2, Ic==Icl+Ic2, Il==Iwsg+Iwig):
al= 52=[5.Iwsg, S.Icl, S.Iwig, S5.Ic2)

S Pgs=sqgrt (3) *220*5.Iwsg

13 - Pgi=sqrt (3) *220*S.Iwig

14 - Pdcmsg=275.0*2.5 %Pdc , I

15 - Pdcmig=323.6*8.0 %Pdc , I

16 - Ngr=(Psg+Pig) / (Pdcmsg+Pdcmig)

S = Nsg=Psg/Pdcmsg

18 - Nig=Pig/Pdcmig

Figure F.2 — Scenario 2B

e Scenario 3B as Table 1.9, column 3.

F.3.2 Electrical system feeding three resistor banks and an induction motor

This section will show the Matlab code used to solve the equations formulated for
each scenario. Not make sense to show all scenarios because it would be repetitive and
not effective. Then, in order to obtain the new results, the new entering data Twgg, Icq,
Twig, Icy from Table 1.10 should be inserted in line 9 of Matlab code, Figures F.1, F.2

or F.3, this code should be run and the viable result should be considered.

e Scenario 1C as Table 1.10, column 1.
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B% Edito

Collrm 0| Col2rlm | Col3rl.m

W W N

[ e e el e el
[ T N TS T Ny

% Electrical system feeding three resistor banks
% Scenario 3: S.G. and I.G in parallel and 1load in - Scenario 3
% coluna 3
syms Iwsg Icl Iwig Ic2
syms Isg Iig Ic Il
% Measured Currents
$ Isg = Syncrhonous Generator Current, Iig = Induction Generator Current,
% Ic = Capacitor Bank Current, Il = Load Current
Isg=2.0; Iig=5.1; Ic=5.4; I1=5.0;
=solve (Isg*2==Iwsg"2+Icl”2, Iig"2==Iwig"2+Ic2”2, Ic==Icl+Ic2, Il==Iwsg+Iwig):
S52=[S.Iwsg, S.Icl, S.Iwig, S.Ic2],
Pgs=sqrt (3) *220*5.Iwsg
Pgi=sqrt (3) *220*5.Iwig
Pdcmsg=276.2*3.8 tPdcmsg=Va*Iasg (Va=5G Armature Voltage, Iasg=SG Armature Current)
Pdcmig=316.7*7.0 tPdcmig=Va*Iaig (Va=IG Armature Voltage, I|a1g=IG Armature Current)
Ngr=(Psg+Pig)/ (Pdcmsg+Pdcmig) % Group efficiency
Nsg=Psg/Pdcmsg $5G efficiency
Nig=Pig/Pdcmig $IG efficiency

Figure F.3 — Scenario 3B

Editor - C:\Users\Vinicius\Documents\Doutorado UNIFEI 06082018\ASTES)\Matlab\Mot Res\Col1mrr1.m

4
tl)
1
2
3
4
5
€
7
g
9

10 -
11 -
12 -
13 -
14 -
15 -
16 -
L=
18 -

Collmrrl.m 1 Col2mrri.m Kl + 1

% Electrical system feeding three resistor banks and an induction motor together

% Scenario 1l: S.G. and I.G in parallel and no load - Scenario 1

% coluna 1

syms Iwsg Icl Iwig Ic2

syms Isg Iig Ic Il

% Measured Currents

$ Isg = Syncrhonous Generator Current, Iig = Induction Generator Current,

% Ic = Capacitor Bank Current, Il or (IwloadR) = Load Current

Isg=2.8; Iig=2.3; Ic=5.4; I1=0;Idwmt=1.22;Iwmt=0.184;

S=solve (Isg"2==Iwsg"2+Icl”2, Iig"2==Iwig"2+Ic2”2, Ic-Idwmt==Icl+Ic2, Il+Iwmt==Iwsg+Iwig):
52=[S.Iwsg, S5.Icl, S.Iwig, S.Ic2],

Psg=sqrt(3) *220*5.Iwsg

Pig=sqrt(3) *220*5.Iwig

Pdcmsg=278.9*2.0 %¥Pdcmsg=Va*Iasg (Va=5G Armature Voltage, Iasg=5G Armature Current)
Pdcmig=288.9*1.0 %Pdcmig=Va*Iaig (Va=IG Armature Voltage, Iaig=IG Armature Current)
Ngr=(Psg+Pig)/ (Pdcmsg+Pdcmig) % Group efficiency

Nsg=Psg/Pdcmsg $5G efficiency

Nig=Pig/Pdcmig $IG efficiency

Figure F.4 — Scenario 1C

e Scenario 2C as Table 1.10, column 2.

E Editor - C:\Users\Vinicius\Documents\Doutorado UNIFEI 06082018\ASTES)\Matlab\Mot Res\Col2mrr1.m

i Collmrrl.m KJ Col2mrrlm | 4+

LT I . T I P S
I

Ll el el vl el =
L I A
LI I A R R A B |

% Electrical system feeding three resistor banks and an induction motor together
% Scenario: S.G. and I.G in parallel and 1load in - Scenario 2

% coluna 2

syms Iwsg Icl Iwig Ic2

syms Isg Iig Ic Il

% Measured Currents

$ Isg = Syncrhonous Generator Current, Iig = Induction Generator Current,

% Ic = Capacitor Bank Current, Il _ = Load Current

Isg=0.7; Iig=6.0; Ic=5.4; I1=5.0;Idwmt=1.23;Iwmt=0.2;

S=solve (Isg"2==Iwsg"2+Icl”2, Iig"2==Iwig"2+Ic2”2, Ic-Idwmt==Icl+Ic2, Il+Iwmt==Iwsg+Iwig):

52=[5.Iwsg, S.Icl, S.Iwig, 5.Ic2],

Psg=sqrt(3) *220*5.Iwsg

Pig=sqrt (3) *220*S.Iwig

Pdcmsg=277*2.9 %Pdcmsg=Va*Iasg (Va=5G Armature Voltage, Iasg=5G Armature Current)
Pdcmig=330*8.0 %Pdcmig=Va*Iaig (Va=IG Armature Voltage, Iaig=IG Armature Current)
Ngr:(Psg+Pig)/(Pdcmsg+Pdcmig) % Group efficiency

Nsg=Psg/Pdcmsg $SG efficiency

Nig=Pig/Pdcmig $IG efficiency

Figure F.5 — Scenario 2C
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e Scenario 3C as Table 1.10, column 3.

B Editor - C:\Users\Vinicius\Documents\Doutorado UNIFEI 06082018\ASTES)\Matlab\Mot Res\Col3mrr1.m

Collmrrl.m xl Col2mrrl.m XI Col3mrrlm 0

f
L
2
3
4
S
€
7
8
g

10
11
12
13
14
15
16
17
18

$ Electrical system feeding three resistor banks and an induction motor together

% Scenario 3: 5.G. and I.G in parallel and 1load in - Scenario 3

% coluna 3

syms Iwsg Icl Iwig Ic2

syms Isg Iig Ic Il

% Measured Currents

$ Isg = Syncrhonous Generator Current, Iig = Induction Generator Current,

% Ic = Capacitor Bank Current, Il or (IwloadR) = Load Current

Isg=1.6; Iig=5.0; Ic=5.4; I1=5.0;Idwmt=1.23;Iwmt=0.2;

S=solve (Isg"2==Iwsg"2+Icl”2, Iig"2==Iwig"2+Ic2”2, Ic-Idwmt==Icl+Ic2, Il+Iwmt==Iwsg+Iwig):
S52=[S.Iwsg, S.Icl, S.Iwig, S.Ic2],

Psg=sqrt (3) *220*5.Iwsg

Pig=sqrt(3) *220*5.Iwig

Pdcmsg=277.5*4.0 %Pdcmsg=Va*Iasg (Va=SG Armature Voltage, Iasg=5G Armature Current)
Pdcmig=318*7.0 %Pdcmig=Va*Iaig (Va=IG Armature Voltage, Iaig=IG Armature Current)
Ngr:(Psg+Pig)/(Pdcmsg+Pdcmig) % Group efficiency

Nsg=Psg/Pdcmsg $5G efficiency

Nig=Pig/Pdcmig $IG efficiency

Figure F.6 — Scenario 3C
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