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Resumo
Este trabalho tem a finalidade de apresentar novas contribuições para os estudos de apli-
cações de máquinas elétricas, principalmente sobre análise de geradores de indução e
síncrono em modo de operação paralelo, incluindo estudos de transientes de geração e
carga e contingências contra efeitos indesejáveis do aumento da frequência. Assim, em
resumo, os principais tópicos apresentados neste trabalho são: (a) uma análise dos ger-
adores de indução e síncrono em modo de operação em paralelo, (b) estudos de transientes
de carga e geração e, finalmente, (c) estudos de frequência aumentada para esta citada
topologia de geradores, as causas do aumento da frequência e alternativas para contro-
lar esses efeitos. Todo este conteúdo principal é suportado por anexos e apêndices que
contribuem com práticos e originais estudos relacionados a cada subsistema que fazem
parte dos experimentos principais, tais como: (i) reguladores de corrente e tensão para
máquinas de corrente contínua, (ii) circuito de disparo, (iii) reguladores de tensão para
geradores síncronos, (iv) sistema de acionamento em quatro quadrantes para máquinas
de corrente contínua e (v) placas de controle digital e analógica.

Palavras-chaves: Controle em malha fechada; Gerador de Indução; Gerador Síncrono;
Gerador Assíncronos; 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 𝐼𝐺 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 Itajubá.

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 𝐷𝐶𝑀𝑆𝐺 has speed control loop and 𝐷𝐶𝑀𝐼𝐺 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 𝐷𝐶𝑀𝑆𝐺 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 𝐷𝐶𝑀𝐼𝐺, 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 𝐷𝐶𝑀𝐼𝐺 speed is not automatically controlled, differently of the 𝐷𝐶𝑀𝑆𝐺

speed that is automatically controlled. The control of 𝐷𝐶𝑀𝐼𝐺 speed is done manually by
open control loop. The two methods used to change the 𝐷𝐶𝑀𝐼𝐺 speed are: the 𝑉 𝑎𝐷𝐶𝑀𝐼𝐺

(DCM armature voltage coupled with IG) method and the field flux or 𝐼𝑓𝐷𝐶𝑀𝐼𝐺 (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 𝐷𝐶𝑀𝐼𝐺 closer to turbine behavior in the experiment
implemented in laboratory, two methods of 𝐷𝐶𝑀𝐼𝐺 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 𝐷𝐶𝑀𝐼𝐺 armature voltage 𝑉 𝑎𝐷𝐶𝑀𝐼𝐺 is increased. The
increase of 𝑉 𝑎𝐷𝐶𝑀𝐼𝐺 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 𝐼𝐺 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 𝐼𝐺 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 𝐹𝑃𝑆𝑂

(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 𝐷𝐶𝑀 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.



29

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
𝐷𝐶𝑀𝐼𝐺 armature, what permits to increase manually the 𝐼𝐺 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 𝐷𝐶𝑀𝐼𝐺 speed elevation were studied in order to rise the 𝑃𝐼𝐺

supplied. First, the machine field flux is decreased and, the second, the 𝐷𝐶𝑀𝐼𝐺 armature
voltage 𝑉 𝑎𝐷𝐶𝑀𝐼𝐺 is increased. The increase of 𝑉 𝑎𝐷𝐶𝑀𝐼𝐺 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 𝐼𝐺 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 𝐼𝐺, (ii) synchronism of self-excited 𝐼𝐺 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 𝐼𝐺 connection into the electric system available,
(i) direct startup as a motor and rising the induction motor speed up to it turns 𝐼𝐺.

A potential application of this cited generator topology is in MHPP, which has



Chapter 1. Analysis of Synchronous and Induction Generators in Parallel Operation Mode in an
Isolated Electric System 30

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.

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.

Figure 1.2 – MP 410T in Speed Control loop

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+ Pos1. terminal of analog2. differential current input
22 INTI- Neg3. 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
1 positive
2 negative
3 analogical

1.3.1 MP410T Electronic Board Parameterization

The MP 410T board was parametrized as shown in Table 1.2.



Chapter 1. Analysis of Synchronous and Induction Generators in Parallel Operation Mode in an
Isolated Electric System 33

Table 1.2 – Electronic Control Board Configuration

Memory
Position

Name ( abbreviation at
display)

Value (unit)

0 Local Remote (LR) 0(0=local)
1 Adres (Ad) 1(default)
2 Configuration 9 (CF) 1B6C
3 Phase Difference (DY) 0o

4 Auto Manual (Am) 0(0=auto)
5 Peak (P) 66.0%
6 Time Peak (PS) 0s(default)
7 Pedestal (D) 66.0%
8 Ramp Up (RU) 0s
9 Ramp Down (Rd) 0s
10 Lim Intensity (CL) 0
11 Max Intensity (Cm) 0
12 AL Temperature (HL) 0=non(default)
13 Com Temperature (Hm) 0
14 AL_ Failure Phase (PA) 0=non(default)
15 AL_Failure Thiristor (SA) 0=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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Figure 1.4 – Speed Control Loop

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.

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 𝐼𝐺 is master for the active
power and the slave for the system frequency and voltage. 𝑆𝐺 determines the frequency
and voltage, while 𝐼𝐺 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 – 𝐷𝐶𝑀𝐼𝐺 Data plate

Direct Current Motor IG
220 V 7.72 A 1500 rpm 1.7kW 600 mA
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Table 1.4 – 𝐷𝐶𝑀𝑆𝐺 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 𝜑 0.71 60 Hz

1.5 Equations - Part I
Follow the main equations:

∙ Direct Current Motor

𝑛 = 𝐸

𝑘 × 𝜑
(1.1)

𝑛 = 𝑈𝑎 − (∑︀𝑅𝑎) × 𝐼𝑎

𝑘 × 𝜑
(1.2)

𝐶𝑐𝑜𝑛𝑗𝑢𝑔𝑎𝑡𝑒 = 𝑘 × 𝜑 × 𝐼𝑎 (1.3)

∙ Synchronous Generator

𝐸̇ = 𝑈𝑎 + (𝑅𝑎 + 𝑗𝑋𝑠) × 𝐼𝑎 (1.4)

∙ Induction Generator

𝑆𝑠𝑙𝑖𝑝% = 𝑛𝑠 − 𝑛𝐼𝐺

𝑛𝑠

× 100 (1.5)
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𝑛𝑠 = 120 × 𝑓𝑆𝐺

𝑃𝑛𝑢𝑚𝑏𝑒𝑟𝑜𝑓𝑝𝑜𝑙𝑒𝑠

(1.6)

1.5.1 Capacitor Bank Sizing

As informed at the 𝐼𝐺 data plate, cos𝜑=0.8, then sin𝜑=0.6. The reactive power
is calculated to attend the reactive demand of the Induction Machine [30].

𝑄 =
√

3 × 𝑉 × 𝐼 × 𝑠𝑖𝑛Φ ∴ 𝑄 =
√

3 × 220 × 7.5 × 0.6 = 1714.7 𝑉 𝑎𝑟 (1.7)

𝑄𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑 = 𝐹𝑐 × 𝑄 ∴ 𝐹𝑐 = 1.2 (1.8)

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.

𝑄𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑 = 1.2 × 1714.7 = 2057.6 𝑉 𝑎𝑟 (1.9)

𝑄𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑 = 3 × 𝑉 2

𝑋𝑐

(1.10)

𝑋𝑐 = 3 × 2202

2057.6 = 70.6 Ω (1.11)

𝐶 = 1
2 × 𝜋 × 𝑓 × 𝑋𝑐

= 1
2 × 𝜋 × 50 × 𝑋𝑐

(1.12)

= 1
2 × 𝜋 × 50 × 70.6

∼= 40𝜇𝐹 𝑝𝑒𝑟 𝑝ℎ𝑎𝑠𝑒 (1.13)

1.5.2 Resistive Divider Sizing

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

(1𝑘Ω + 𝑟1)− > 300 𝑉(𝑜𝑢𝑡𝑝𝑢𝑡𝑣𝑜𝑙𝑡𝑎𝑔𝑒) (1.14)

𝑟2(1𝑘Ω)− > 4𝑉(𝑀𝑃 410𝑇 −𝑉 𝑂𝐿𝑇 𝐴𝐺𝐸−𝐿𝐼𝑀𝐼𝑇 ) (1.15)
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𝑟1 = 74 𝑘Ω 𝑎𝑛𝑑 𝑟2 = 1 𝑘Ω (1.16)

∙ Resistor Power Sizing:

𝑃𝑝𝑜𝑤𝑒𝑟 = 3002

(75 × 103) = 1.2 𝑊 (1.17)

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

𝑟1 = 79.1𝑘Ω 𝑟2 = 947 Ω (1.18)

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

(1𝑘Ω + 𝑟1)− > 36𝑉(𝑡𝑎𝑐ℎ𝑜𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑟𝑜𝑢𝑡𝑝𝑢𝑡𝑣𝑜𝑙𝑡𝑎𝑔𝑒) (1.19)

𝑟2(1𝑘Ω)− > 4 𝑉(𝑀𝑃 𝑇 410𝑣𝑜𝑙𝑡𝑎𝑔𝑒𝑙𝑖𝑚𝑖𝑡) (1.20)

𝑟1 = 8 𝑘Ω 𝑎𝑛𝑑 𝑟2 = 1 𝑘Ω (1.21)

∙ Resistor Power sizing:

𝑃𝑝𝑜𝑤𝑒𝑟 = 362

(9 × 103) = 1.14 𝑊 (1.22)

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

𝑟1 = 8.3 𝑘Ω 𝑎𝑛𝑑 𝑟2 = 947 Ω (1.23)

1.6 Equations - Part II
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.

𝐼2
𝑆𝐺 = 𝐼𝑤2

𝑆𝐺 + 𝐼2
𝑐1 (1.24)

𝐼2
𝐼𝐺 = 𝐼𝑤2

𝐼𝐺 + 𝐼2
𝑐2 (1.25)

𝐼𝑐 = 𝐼𝑐1 + 𝐼𝑐2 (1.26)
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𝐼𝑤𝑙𝑜𝑎𝑑𝑅 = 𝐼𝑤𝑆𝐺 + 𝐼𝑤𝐼𝐺 (1.27)

𝐼𝑐 − 𝐼𝑑𝑤𝑀𝑇 = 𝐼𝑐1 + 𝐼𝑐2 (1.28)

𝐼𝑤𝑙𝑜𝑎𝑑𝑅 + 𝐼𝑤𝑀𝑇 = 𝐼𝑤𝑆𝐺 + 𝐼𝑤𝐼𝐺 (1.29)

The 𝐼𝑆𝐺 (Synchronous generator current), 𝐼𝐼𝐺 (Induction generator current), 𝐼𝐶

(Capacitor current) and 𝐼𝑤𝑙𝑜𝑎𝑑𝑅 (R Load Active current) are measured values and these
are shown in Tables 1.9, 1.10 and 1.11. The 𝐼𝑑𝑤𝑀𝑇 (Induction motor reactive current)
and 𝐼𝑤𝑀𝑇 (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, 𝐼𝑤𝑆𝐺 (Synchronous generator active current), 𝐼𝑐1 (Capacitor
current 1 ), 𝐼𝑤𝐼𝐺 (Induction generator active current) and 𝐼𝑐2 (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 𝜂𝑔𝑟𝑜𝑢𝑝 (Group efficiency) and the efficiency of each
subgroup, 𝜂𝑆𝐺 (SG efficiency) and 𝜂𝐼𝐺 (IG efficiency), were calculated based on 𝑃𝐼𝐺,
𝑃𝑆𝐺 (Synchronous generator power), 𝑃𝐷𝐶𝑀𝑆𝐺 (Power of direct current motor coupled
with synchronous generator), and 𝑃𝐷𝐶𝑀𝐼𝐺 (Power of direct current motor coupled with
induction generator), as follows.

𝑃𝑆𝐺 =
√

3 × 𝑉𝑆𝐺 × 𝐼𝑤𝑆𝐺 (1.30)

𝑃𝐼𝐺 =
√

3 × 𝑉𝐼𝐺 × 𝐼𝑤𝐼𝐺 (1.31)

𝑃𝐷𝐶𝑀𝑆𝐺 = 𝑉 𝑎𝐷𝐶𝑀𝑆𝐺 × 𝐼𝑎𝐷𝐶𝑀𝑆𝐺 (1.32)

𝑃𝐷𝐶𝑀𝐼𝐺 = 𝑉 𝑎𝐷𝐶𝑀𝐼𝐺 × 𝐼𝑎𝐷𝐶𝑀𝐼𝐺 (1.33)

𝜂𝑔𝑟𝑜𝑢𝑝% = 𝑃𝑆𝐺 + 𝑃𝐼𝐺

𝑃𝐷𝐶𝑀𝑆𝐺 + 𝑃𝐷𝐶𝑀𝐼𝐺

× 100 (1.34)

𝜂𝑆𝐺% = 𝑃𝑆𝐺

𝑃𝐷𝐶𝑀𝑆𝐺

× 100 (1.35)
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𝜂𝐼𝐺% = 𝑃𝐼𝐺

𝑃𝐷𝐶𝑀𝐼𝐺

× 100 (1.36)

1.7 Equations - Part III
The equations e calculus used to determine the 𝐼𝑀 (Induction motor) parameters

and 𝐼𝑀 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 𝐼𝐺, 𝑃𝐼𝐺, was limited because the 𝐼𝑓𝐷𝐶𝑀𝐼𝐺 reached the maximum
value in accordance with 𝐷𝐶𝑀𝐼𝐺 current specifications. This limited speed from 𝐷𝐶𝑀𝐼𝐺

was a challenge because the low speed resulted in low contribution from 𝑃𝐼𝐺. Then, it
was necessary to elevate the 𝐷𝐶𝑀𝐼𝐺 speed, 𝑛𝐼𝐺 (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 𝐷𝐶𝑀𝐼𝐺 and the other composed of 𝑆𝐺 and a 𝐷𝐶𝑀𝑆𝐺. 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 𝐷𝐶𝑀𝐼𝐺 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 𝐼𝐺 speed [28] such as bringing the
experiment closer to actual conditions and taking into advantages of 𝐼𝐺 power capacity.
It was used as an autotransformer connected to a diodes bridge to vary the voltage applied
on the 𝐷𝐶𝑀𝐼𝐺 armature circuit and obtain a higher speed and 𝑃𝐼𝐺.
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(a) Front View

(b) Lateral View

Figure 1.9 – Laboratory assembly in the laboratory of research development of electrical
didactic laboratory of Federal University of Itajubá

1.8.1 Methods of IG Connection into the Electric System

This work studies three different methods of 𝐼𝐺 connection into the electric system
such as: (i) direct startup as a motor and rising the 𝐼𝐺 speed, (ii) synchronism of self-
excited 𝐼𝐺 with the electric system and (iii) adjustment of 𝐼𝐺 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 𝐷𝐶𝑀𝐼𝐺 (Variation of 𝐷𝐶𝑀𝐼𝐺 field flux by
field Rheostat)

Figure 1.11 – Synchronous and Induction Generators in Parallel Operation mode with
Variable Armature Voltage for 𝐷𝐶𝑀𝐼𝐺 (𝐷𝐶𝑀𝐼𝐺 Steady field flux)

∙ 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.

∙ Synchronism of self-excited 𝐼𝐺 with the Electric System
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Figure 1.12 – Synchronous and Induction Generators in Parallel Operation mode with
Variable Armature Voltage for 𝐷𝐶𝑀𝐼𝐺 and an Induction Motor as Load
(𝐷𝐶𝑀𝐼𝐺 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.

Figure 1.13 – Conjugate vs rpm - Induction Motor and Generator

∙ 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 𝐷𝐶𝑀𝐼𝐺 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 𝐼𝑀 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 𝐷𝐶𝑀𝐼𝐺 field circuit and an additional motor as load in Figure 1.12.

The autotransformer is responsible for applying a voltage range directly on the
𝐷𝐶𝑀𝐼𝐺 armature to obtain a larger speed range of the 𝐷𝐶𝑀𝐼𝐺 and to push more power
to the 𝐼𝐺, keeping the 𝐷𝐶𝑀𝐼𝐺 parameters into the rated values. Hence, the elevation
of 𝐼𝐺 speed and power depend on 𝐷𝐶𝑀𝐼𝐺 armature voltage, 𝑉 𝑎𝐷𝐶𝑀𝐼𝐺. It means that
the 𝐷𝐶𝑀𝐼𝐺 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 𝐼𝐺 speed of scheme shown in Figure 1.10
depends on just the 𝐷𝐶𝑀𝐼𝐺 field flux because 𝑉 𝑎𝐷𝐶𝑀𝐼𝐺 is steady. The 𝐷𝐶𝑀𝐼𝐺 field flux
is adjusted manually and 𝑉 𝑎𝐷𝐶𝑀𝐼𝐺 as well.

In summary, the Table 1.11 shows the data obtained from the scheme shown in
Figure 1.10 that has the 234 𝑉𝑑𝑐 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 𝑉𝑑𝑐 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 𝑃𝐼𝐺 was limited to 1164 W in scenario 2 from Table
1.11 because the over current of 𝐼𝑎𝐷𝐶𝑀𝐼𝐺 (Direct current motor induction generator arma-
ture current) 9.8 A, that is a value greater than the rated 𝐼𝑎𝐷𝐶𝑀𝐼𝐺 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 𝐷𝐶𝑀𝐼𝐺 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 𝑉𝑑𝑐 (Direct current voltage). This range is bigger than the previous case with
𝑉 𝑎𝐷𝐶𝑀𝐼𝐺 of 234 𝑉𝑑𝑐. As the 𝐷𝐶𝑀𝐼𝐺 speed, 𝑛𝐼𝐺, is directly proportional to 𝑉 𝑎𝐷𝐶𝑀𝐼𝐺,
1.2, the 𝑛𝐼𝐺 is elevated proportionally with the 𝑉 𝑎𝐷𝐶𝑀𝐼𝐺, as shown in scenarios 2 to 8
from Table 1.9 and Table 1.10. Then, in this latter method, 𝐼𝑎𝐷𝐶𝑀𝐼𝐺 variation depends
on the load conjugate variation only, whereas the 𝐷𝐶𝑀𝐼𝐺 flux, 𝜑, remains constant as
1.3.

Figure 1.14 – 𝑃𝐼𝐺 vs 𝑃𝑆𝐺 with 𝐷𝐶𝑀𝐼𝐺 Field Variation and 𝑉 𝑎𝐷𝐶𝑀𝐼𝐺 kept Constant

Figure 1.15 and Figure 1.16 shows that the power range supplied from 𝐼𝐺, 𝑃𝐼𝐺,
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through the autotransformer method, is greater than 𝑃𝐼𝐺 of 234 𝑉𝑑𝑐 steady source
method. Consequently, the 𝑃𝑆𝐺 supplied from this autotransformer method is lower
than the 𝑃𝑆𝐺 supplied from 234 𝑉𝑑𝑐 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.

Figure 1.15 – 𝑃𝐼𝐺 vs 𝑃𝑆𝐺 with 𝑉 𝑎𝐷𝐶𝑀𝐼𝐺 Variation and Field flux kept Constant (Only
resistive load)

Figure 1.16 – 𝑃𝐼𝐺 vs 𝑃𝑆𝐺 with 𝑉 𝑎𝐷𝐶𝑀𝐼𝐺 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 𝐼𝐺 and
𝑆𝐺 primary machine output power, 𝑃𝐷𝐶𝑀𝐼𝐺 vs 𝑃𝐷𝐶𝑀𝑆𝐺. These performances are similar
to 𝑃𝐼𝐺 and 𝑃𝑆𝐺 performances shown in Figure 1.14, Figure 1.15 and Figure 1.16. The
𝑃𝐷𝐶𝑀𝐼𝐺 in Figure 1.17 elevates because a field flux decreases and 𝑉 𝑎𝐷𝐶𝑀𝐼𝐺 kept constant.
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The 𝑃𝐷𝐶𝑀𝐼𝐺 in Figure 1.19 and Figure 1.20 elevates because of the 𝑉 𝑎𝐷𝐶𝑀𝐼𝐺 increases,
which is manually adjusted by the autotransformer shown in Figure 1.11 and Figure 1.12.

Figure 1.17 – 𝑃𝐷𝐶𝑀𝐼𝐺 vs 𝑃𝐷𝐶𝑀𝑆𝐺 with 𝐷𝐶𝑀𝐼𝐺 Field Flux Variation and 𝑉 𝑎𝐷𝐶𝑀𝐼𝐺 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.

Figure 1.18 – 𝑉𝑆𝐺 x 𝑓𝑆𝐺 x 𝐼𝑙𝑜𝑎𝑑

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 – 𝑃𝐷𝐶𝑀𝐼𝐺 vs 𝑃𝐷𝐶𝑀𝑆𝐺 with 𝑉 𝑎𝐷𝐶𝑀𝐼𝐺 Variation and Field Flux Kept Constant
(Only resistive load)

Figure 1.20 – 𝑃𝐷𝐶𝑀𝐼𝐺 vs 𝑃𝐷𝐶𝑀𝑆𝐺 with 𝑉 𝑎𝐷𝐶𝑀𝐼𝐺 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 𝐷𝐶𝑀𝐼𝐺 speed, 𝑛𝐼𝐺, 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 𝐼𝐺 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 𝐼𝑓𝐷𝐶𝑀𝐼𝐺 or
field flux decreases to elevate the speed. The efficiency improves when the 𝑉 𝑎𝐷𝐶𝑀𝐼𝐺

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 𝐷𝐶𝑀𝐼𝐺 speed range is more restricted [28].

Figure 1.21 – 𝑛𝐼𝐺 vs 𝑛𝑆𝐺 with 𝐷𝐶𝑀𝐼𝐺 Field Flux Variation and 𝑉 𝑎𝐷𝐶𝑀𝐼𝐺 Kept Constant

Figure 1.22 – 𝑛𝐼𝐺 vs 𝑛𝑆𝐺 with 𝑉 𝑎𝐷𝐶𝑀𝐼𝐺 Variation and Field Flux kept Constant (Only
resistive load)



Chapter 1. Analysis of Synchronous and Induction Generators in Parallel Operation Mode in an
Isolated Electric System 53

Figure 1.23 – 𝑛𝐼𝐺 vs 𝑛𝑆𝐺 with 𝑉 𝑎𝐷𝐶𝑀𝐼𝐺 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 𝐼𝐺 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 𝐼𝐺 shaft speed imposed by 𝐷𝐶𝑀𝐼𝐺. 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 𝑉 𝑎𝐷𝐶𝑀𝐼𝐺 elevation method.
The 𝑃𝑆𝐺 fulfilled the load power automatically from the 𝑃𝐼𝐺 manually adjusted by
autotransformer.

The field flux variation method of 𝐷𝐶𝑀𝐼𝐺, [28], does not result in 𝑃𝐷𝐶𝑀𝐼𝐺 in-
crease, whereas the 𝑉 𝑎𝐷𝐶𝑀𝐼𝐺 elevation method results in increase of 𝑃𝐷𝐶𝑀𝐼𝐺, 𝑃𝐼𝐺 and
𝐼𝐺 subgroup efficiency. The increase of 𝑃𝐼𝐺 is resulted from 𝐼𝐺 speed increase, 𝑛𝐼𝐺, that
was obtained by elevation of 𝑉 𝑎𝐷𝐶𝑀𝐼𝐺 as shown in Figure 1.15, Figure 1.16, Figure 1.19
and Figure 1.20.

The use of 𝑉 𝑎𝐷𝐶𝑀𝐼𝐺 method, instead of 𝑉𝑑𝑐 steady source or flux (𝐼𝑓𝐷𝐶𝑀𝐼𝐺)
reduction method, enables to reach the 𝐼𝑎𝐷𝐶𝑀𝐼𝐺 limit of 8.0 A and 1893 rpm of 𝐷𝐶𝑀𝐼𝐺

shaft speed. It is higher than the 𝐷𝐶𝑀𝐼𝐺 speed from 𝑉𝑑𝑐 steady source, see Figure 1.21.

The efficiencies from the 𝑉 𝑎𝐷𝐶𝑀𝐼𝐺 elevation method were greater than those from
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the scheme with 𝑉𝑑𝑐 steady source [28], as shown in Figure 1.22 and Figure 1.23. 𝑉 𝑎𝐷𝐶𝑀𝐼𝐺

elevation method does not have the additional current losses that the 𝑉𝑑𝑐 steady source
method have.

The 𝑉𝑑𝑐 steady source method consist of reduction of field flux 𝜑, 𝐼𝑓𝐷𝐶𝑀𝐼𝐺, and
increasing of 𝐼𝑎𝐷𝐶𝑀𝐼𝐺 as 1.3. Then, the 𝐼𝐺 speed, 𝑛𝐼𝐺, is increased as equation 1.2.

The main losses for the 𝑉𝑑𝑐 steady source method are related to higher 𝐼𝑎𝐷𝐶𝑀𝐼𝐺

elevation, 𝑃(𝑤) = 𝑅𝑎*𝐼𝑎2
𝐷𝐶𝑀𝐼𝐺, than the 𝐼𝑎𝐷𝐶𝑀𝐼𝐺 elevation caused by 𝑉 𝑎𝐷𝐶𝑀𝐼𝐺 elevation

method. Then, by use of 𝑉𝑑𝑐 steady source method, the 𝐼𝑎𝐷𝐶𝑀𝐼𝐺 is elevated due to
reduction of 𝐼𝑓𝐷𝐶𝑀𝐼𝐺. The higher 𝐼𝑎𝐷𝐶𝑀𝐼𝐺 is, the higher losses are. Then, as the losses
of 𝑉 𝑎𝐷𝐶𝑀𝐼𝐺 elevation method are lower, the efficiencies are higher.

As shown in power performance graphs related to 𝑉 𝑎𝐷𝐶𝑀𝐼𝐺 elevation method,
Figure 1.15, Figure 1.16, Figure 1.19 and Figure 1.20, the 𝑃𝐼𝐺 and 𝑃𝐷𝐶𝑀𝐼𝐺 are more
representative of actual operation conditions.

All of the followings three different methods of 𝐼𝐺 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 𝐼𝐺, (ii) synchronism of self-excited
𝐼𝐺 with the electric system and (iii) adjustment of 𝐼𝐺 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 𝑉 𝑎𝐷𝐶𝑀𝐼𝐺

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 𝐼𝐺. 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 Isolated 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 I
The equations of this section are the same used in the previous chapter as shown

in section 1.5.

2.5 Equation - Part II
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.

𝐼2
𝑆𝐺 = 𝐼𝑤2

𝑆𝐺 + 𝐼2
𝑐1 (2.1)
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𝐼2
𝐼𝐺 = 𝐼𝑤2

𝐼𝐺 + 𝐼2
𝑐2 (2.2)

𝐼𝑐 = 𝐼𝑐1 + 𝐼𝑐2 (2.3)

𝐼𝑙𝑜𝑎𝑑 = 𝐼𝑤𝑙𝑜𝑎𝑑𝑅 = 𝐼𝑤𝑆𝐺 + 𝐼𝑤𝐼𝐺 (2.4)

As 𝐼𝑆𝐺, 𝐼𝐼𝐺, 𝐼𝐶 and 𝐼𝑤𝑙𝑜𝑎𝑑𝑅 are measured values, (see Table 2.1), the system has
four variables and four equations. Then, for each scenario, the four variables 𝐼𝑤𝑆𝐺, 𝐼𝑐1,
𝐼𝑤𝐼𝐺 and 𝐼𝑐2 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, 𝑃𝐷𝐶𝑀𝑆𝐺, and 𝑃𝐷𝐶𝑀𝐼𝐺 as follows.

𝑃𝑆𝐺 =
√

3 × 𝑉𝑆𝐺 × 𝐼𝑤𝑆𝐺 (2.5)

𝑃𝐼𝐺 =
√

3 × 𝑉𝐼𝐺 × 𝐼𝑤𝐼𝐺 (2.6)

𝑃𝐷𝐶𝑀𝑆𝐺 = 𝑉 𝑎𝐷𝐶𝑀𝑆𝐺 × 𝐼𝑎𝐷𝐶𝑀𝑆𝐺 (2.7)

𝑃𝐷𝐶𝑀𝐼𝐺 = 𝑉 𝑎𝐷𝐶𝑀𝐼𝐺 × 𝐼𝑎𝐷𝐶𝑀𝐼𝐺 (2.8)

𝜂𝑔𝑟𝑜𝑢𝑝% = 𝑃𝑆𝐺 + 𝑃𝐼𝐺

𝑃𝐷𝐶𝑀𝑆𝐺 + 𝑃𝐷𝐶𝑀𝐼𝐺

× 100 (2.9)

𝜂𝑆𝐺% = 𝑃𝑆𝐺

𝑃𝐷𝐶𝑀𝑆𝐺

× 100 (2.10)

𝜂𝐼𝐺% = 𝑃𝐼𝐺

𝑃𝐷𝐶𝑀𝐼𝐺

× 100 (2.11)

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

2.3.
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Figure 2.1 – Laboratory Assembly

Figure 2.2 – Connections Arrangement of MP410T and Devices

2.7 Voltage and Speed Control Loops
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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Figure 2.3 – Synchronous and Induction Generators in Parallel Operation Mode

Figure 2.4 – Speed Control Loop

Figure 2.5 – Field Voltage Control Loop

The master and slave behavior of the generators (𝑆𝐺 is the master and 𝐼𝐺 is the
slave for the system frequency and voltage) as well as the 𝐼𝐺 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.



Chapter 2. Load and Generation Transients of Synchronous and Induction Generators in Parallel
Operation Mode in an Isolated Electric System 60

Ta
bl

e
2.

1
–

Sc
en

ar
io

s
an

d
Tr

an
sit

io
ns

𝑆
𝐺

an
d

𝐼
𝐺

in
pa

ra
lle

l
m

od
e

an
d

no
lo

ad
.1

𝑆
𝐺

an
d

𝐼
𝐺

in
pa

ra
lle

l
m

od
e

an
d

fu
ll

lo
ad

in
.

2/
3

kW
wa

s
re

m
ov

ed
an

d
in

se
rt

ed
.1

𝑆
𝐺

an
d

𝐼
𝐺

in
pa

ra
lle

l
m

od
e.

Fu
ll

Lo
ad

in
.

𝐼
𝑎

𝐷
𝐶

𝑀
𝐼
𝐺

=
8.

6
A

1

𝑆
𝐺

an
d

𝐼
𝐺

in
pa

ra
lle

l
m

od
e

an
d

fu
ll

lo
ad

in
.𝑆

𝐺
wa

s
re

m
ov

ed
an

d
th

en
in

se
rt

ed
.1

𝐼
𝐺

op
er

at
es

w
ith

fu
ll

lo
ad

in
.

𝑆
𝐺

re
m

ov
ed

.1

𝑆
𝐺

an
d

𝐼
𝐺

in
pa

ra
lle

l
m

od
e

an
d

fu
ll

lo
ad

in
.1 𝐼

𝐺
wa

s
re

m
ov

ed
an

d
th

en
in

se
rt

ed
.

𝑆
𝐺

op
er

at
es

w
ith

fu
ll

lo
ad

in
.1

𝐼
𝐺

(s
la

ve
)

re
m

ov
ed

.1

R
es

ul
ts

Sc
en

ar
io

1
Sc

en
ar

io
2

Sc
en

ar
io

3
Sc

en
ar

io
4

Sc
en

ar
io

5
Sc

en
ar

io
6

Sc
en

ar
io

7
𝑉

𝑆
𝐺

&
𝑉

𝐼
𝐺

(V
)

22
8.

0
22

8.
0

22
8.

0
22

8.
0

20
4.

0
22

8.
0

22
8.

0
𝑓 𝑆

𝐺
(H

z)
55

55
55

55
53

.3
55

55
𝐼 𝑓

𝑖𝑒
𝑙𝑑

𝑆
𝐺

(m
A

)
38

0
50

0
55

0
52

0
60

0
51

0
42

0
𝑉

𝑎
𝐷

𝐶
𝑀

𝑆
𝐺

(V
)

23
8.

4
24

0.
2

23
5.

3
23

8.
0

23
4.

1
23

8.
3

24
1.

5
𝐼
𝑎

𝐷
𝐶

𝑀
𝑆

𝐺
(A

)
2.

0
4.

7
3.

0
4.

9
0.

0
3.

6
12

.0
𝐼
𝑓 𝐷

𝐶
𝑀

𝑆
𝐺

(m
A

)
45

0
45

0
45

0
45

0
45

0
45

0
45

0
fI

G
(H

z)
55

55
55

55
53

55
0.

0
n

IG
(r

pm
)

16
50

17
31

17
46

17
24

16
97

17
47

19
54

𝑉
𝑎

𝐷
𝐶

𝑀
𝐼
𝐺

(V
)

29
9.

5
32

3.
3

33
4.

4
32

3.
1

32
2.

2
32

3.
5

33
3.

5
𝐼
𝑎

𝐷
𝐶

𝑀
𝐼
𝐺

(A
)

1.
9

7.
0

8.
6

6.
8

8.
0

8.
2

0.
0

𝐼
𝑓 𝐷

𝐶
𝑀

𝐼
𝐺

(m
A

)
40

0
38

0
38

0
38

0
38

0
38

0
37

0
𝐼 𝑙

𝑜
𝑎

𝑑
(A

)
0.

0
5.

1
5.

1
5.

1
4.

5
5.

1
5.

1
𝐼 𝐼

𝐺
(A

)
3.

1
5.

6
6.

9
5.

6
6.

5
6.

4
0.

0
𝐼 𝑆

𝐺
(A

)
1.

9
1.

7
0.

4
1.

6
0

0.
9

7.
3

𝐼
𝐶

(A
)

5.
1

5.
1

5.
1

5.
1

4.
4

5.
1

5.
1

𝐼 𝑊
𝑆

𝐺
(A

)
n.

a.
1.

32
0.

39
67

1.
14

0.
0

0.
83

96
5.

1
𝐼
𝐶

1
(A

)
1.

9
1.

06
0.

05
13

1.
14

0.
0

0.
32

41
5.

1
𝐼
𝐶

2
(A

)
3.

1
4.

14
5.

05
3.

96
4.

4
4.

77
59

0
𝐼 𝑊

𝐼
𝐺

(A
)

n.
a.

3.
77

4.
70

3.
96

4.
65

4.
26

0
𝑃

𝑆
𝐺

(W
)

n.
a.

52
4.

91
15

6.
65

44
9.

50
0.

0
33

1.
57

20
38

.6
0

𝑃
𝐼
𝐺

(W
)

n.
a.

14
89

.1
0

18
57

.4
0

15
64

.5
0

16
43

.0
16

82
.5

0
0.

0
𝑃

𝐷
𝐶

𝑀
𝑆

𝐺
(W

)
n.

a.
11

28
.9

70
5.

90
11

66
.2

0
0.

0
85

7.
88

28
98

.0
𝑃

𝐷
𝐶

𝑀
𝐼
𝐺

(W
)

n.
a.

31
68

.3
0

28
75

.8
0

21
97

.1
0

25
77

.6
0

26
52

.7
0

0.
0

𝜂 𝐺
𝑅

𝑂
𝑈

𝑃
(%

)
n.

a.
46

.8
7

56
.2

3
59

.8
8

61
.7

0
57

.3
7

69
.5

0
𝜂 𝑆

𝐺
(%

)
n.

a.
46

.5
0

22
.1

9
38

.5
4

n.
a.

38
.6

5
69

.5
0

𝜂 𝐼
𝐺

(%
)

n.
a.

47
.0

0
64

.5
9

71
.2

1
61

.7
0

63
.4

2
n.

a.
1

40
𝜇

F
/

ph
as

e



Chapter 2. Load and Generation Transients of Synchronous and Induction Generators in Parallel
Operation Mode in an Isolated Electric System 61

2.9 Results
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: 𝐼𝐼𝐺, 𝐼𝑆𝐺 and 𝐼𝑙𝑜𝑎𝑑: 100mV/A and 500mV/division.
𝑉𝑝𝑛 (Phase neutral voltage): 100 V/division or 50V/division. 𝑛𝑆𝐺 (Synchronous generator
speed): 550 rpm/division.
Note: As the generators are in parallel connection, 𝑉𝑆𝐺=𝑉𝐼𝐺 (Induction generator volt-
age)=𝑉𝑝𝑝 (Phase-phase voltage)= 𝑉𝑝𝑛*

√
3

∙ 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 𝐼𝐼𝐺, 𝐼𝑆𝐺 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 𝐼𝐼𝐺 is advanced from 𝑉𝑝𝑛 because the
reactive bank supply during these scenarios. In scenarios 1 (no load) and scenario 2
(low resistive load),

Figure 2.6 – 𝐼𝐼𝐺 and 𝑉𝑝𝑛 (Scenario 1) Figure 2.7 – 𝐼𝑆𝐺 and 𝑉𝑝𝑛 (Scenario 1)

Figure 2.8 – 𝐼𝐼𝐺 and 𝑉𝑝𝑛 (Scenario 2) Figure 2.9 – 𝐼𝑆𝐺 and 𝑉𝑝𝑛 (Scenario 2)

Figure 2.10 reveals the automatic 𝐼𝑆𝐺 regulation upon removal and insertion of 2/3
kW from the resistor bank. Figure 2.11 shows that 𝐼𝐼𝐺 remains the previous values
with an identical load change.
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Figures 2.10 and 2.11 also show that 𝑉𝑝𝑛 keeps a constant value. This means that
the system regulation for load changes is managed solely by 𝑆𝐺. The 𝑉𝑝𝑛 and 𝑉𝐼𝐺

remains constant.

Figure 2.10 – Channel 1- 𝐼𝑆𝐺, Channel 2-
𝑉𝑝𝑛. (2/3 kW is removed and
then inserted) (Scenario 2)

Figure 2.11 – Channel 1-𝐼𝐼𝐺, Channel 2-𝑉𝑝𝑛.
(2/3 kW is removed and then
inserted) (Scenario 2)

Figure 2.12 shows that 𝐼𝐼𝐺 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 𝐼𝑆𝐺 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 𝑛𝑆𝐺 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- 𝑛𝑆𝐺, Channel 2-
𝐼𝐼𝐺. (2/3 kW is removed and
then inserted.) (Scenario 2)

Figure 2.13 – Channel 1- 𝑛𝑆𝐺, Channel 2-
𝐼𝑆𝐺. (2/3 kW is removed and
then inserted.) (Scenario 2)

∙ 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 𝑉𝑝𝑛 from the 𝑆𝐺 (master) when the 𝐼𝐺 (slave)
is removed.

Figure 2.14 – 𝑉𝑝𝑛, 𝑆𝐺 is removed and then
inserted. Scenarios 4 & 5

Figure 2.15 – 𝑉𝑝𝑛 in load. 𝐼𝐺 is removed and
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 𝐼𝑆𝐺 assumes the 𝐼𝐺 load when 𝐼𝐺 is removed. In contrast
to 𝐼𝐺, 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.

Figure 2.16 – 𝑆𝐺 speed. 𝐼𝐺 is removed and
then inserted. Scenarios 6 & 7

Figure 2.17 – 𝐼𝑆𝐺, 𝐼𝐺 is removed and then
inserted. Scenarios 6 & 7

Figures 2.18 and 2.19 show 𝐼𝑆𝐺 and 𝐼𝐼𝐺, which are representing respectively, the
smallest 𝐼𝑆𝐺 and the biggest 𝐼𝐼𝐺 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 – 𝐼𝑆𝐺. 𝑆𝐺 smallest contribution
= 0.4A. Scenario 3

Figure 2.19 – 𝐼𝐼𝐺, 𝐼𝐺 biggest contribution
=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.

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 𝐼𝐺 is disconnected, 𝑆𝐺 assumes the full load and still regulates the system
voltage and frequency.

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 𝐼𝑆𝐺 adjustments to the new load demand, while
the 𝐼𝐼𝐺 keeps the previous values during transients. 𝐼𝐺 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 𝐼𝐺 is fully loaded or
𝐼𝐺 is removed abruptly.

Regarding to 𝑆𝐺 transients, 𝑆𝐺 removed or inserted, 𝐼𝐺 is not capable of main-
taining the system voltage and frequency, because 𝐼𝐺 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 𝑃𝐷𝐶𝑀𝐼𝐺 is elevated to a value bigger than 600 W, the system
frequency exceeds 55 Hz. Then, the 𝐼𝐺 and 𝐷𝐶𝑀𝐼𝐺 group motorizes the 𝑆𝐺, and the
𝐷𝐶𝑀𝑆𝐺 operates as a no load 𝐷𝐶𝐺𝑆𝐺 (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 𝑃𝐷𝐶𝑀𝐼𝐺 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 𝐼𝐺, 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 𝐼𝐺 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 𝐼𝐺, whereas this work uses a BL to regulate the frequency in an
isolated grid fed by either an 𝐼𝐺 and an 𝑆𝐺 in parallel mode or by an 𝐼𝐺 alone.

Based on the prior experiments involving 𝐼𝐺 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: 𝐼𝐺 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 𝐼𝐺, 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: (𝑖)

the elevation of generated 𝑃𝐼𝐺 and the lack of 𝑃𝑆𝐺 capacity to automatically compensate
for the increase in 𝑃𝐼𝐺, for a steady load; and (𝑖𝑖), 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 𝐼𝐺 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 𝑃𝐼𝐺 decreases by acting on the
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Figure 3.1 – Transient frequency following load removal

speed of the 𝐼𝐺 primary machine 𝐷𝐶𝑀𝐼𝐺, the 𝑃𝑆𝐺 increases automatically by actuation
in the 𝐷𝐶𝑀𝑆𝐺 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].

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 𝐼𝑀 , 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.

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 𝐼𝐺 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 𝐷𝐶𝑀𝐼𝐺 is driven manually by an auto-
transformer which applies a voltage of 0 to 336 V on the 𝐷𝐶𝑀𝐼𝐺 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 𝐼𝐺

220 V 7.72 A 1.7 kW 1500 rpm 600 mA𝑓𝑖𝑒𝑙𝑑𝑚𝑎𝑥

Direct Current Motor 𝑆𝐺

220 V 9.1 A 2.0 kW 1800 rpm 600 mA𝑓𝑖𝑒𝑙𝑑𝑚𝑎𝑥

Induction Generator 𝐼𝐺

220 V 7.5 A 1.86 kW 1410 rpm 0.8 pF 50Hz
Synchronous Generator𝑆𝐺

230 V 5.0 A 2.0 kVA 1800 rpm 0.8 pF 60 Hz
𝑉𝑓𝑖𝑒𝑙𝑑: 220 V 𝐼𝑓𝑖𝑒𝑙𝑑𝑚𝑎𝑥: 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.

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 Itajubá, 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 Itajubá-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 Itajubá.

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,
𝐷𝐶𝑀𝑆𝐺, 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 𝑈𝑎 (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.

Figure 3.6 – Speed Control Loop

𝑛 = 𝑈𝑎↑ − (∑︀𝑅𝑎)𝐼 ′
𝑎

𝑘𝜑
(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.

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 𝐼𝑓 (Field current) so that the flux 𝜑 rises and the 𝑉𝑆𝐺 keeps the same value.
In summary, the load rises, the 𝑀 rises as indicated by the blue arrow in (3.4), 𝐼 ′

𝑎 (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 ˙𝐼𝑎 × (𝑅𝑎 + 𝑗𝑋𝑎)) rises, ˙𝐼𝑎 (Synchronous generator
armature current). So, the voltage control loop commands the 𝐼𝑓 elevation, resulting in
elevation of 𝜑 as indicated by the red arrow in (3.3). Thus, the voltage control loop raises
the electromotive force 𝐸𝑆𝐺 (Synchronous generator electromotive force), maintaining 𝑉𝑆𝐺

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

˙𝑉𝑆𝐺 = ˙𝐸𝑆𝐺 − ˙𝐼𝑎↑ × (𝑅𝑎 + 𝑗𝑋𝑎) (3.2)

𝐸𝑆𝐺 = 𝑘 × 𝑛↓ × 𝜑↑ (3.3)
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𝑀↑ = 𝑘 × 𝜑 × 𝐼 ′
𝑎↑ (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.

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.



Chapter 3. Alternatives to Control the Frequency Increase in an Electric System with Synchronous and
Induction Generators in Parallel Operation Mode 75

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 (𝐶𝐹 ) 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.

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.

Figure 3.11 – Ballast Load Performance

As long as 𝑉𝑏𝑙𝑅𝑀𝑆
(RMS ballast load voltage) increases, the consumed load power

𝑃𝑏𝑙 (Ballast load power) increases, as shown by (3.5), up to the available limit, which is
0.5 kW. Then, as 𝑃𝑏𝑙 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.

𝑃𝑏𝑙 =
3 × 𝑉 2

𝑏𝑙𝑅𝑀𝑆

𝑅
(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 ′

𝑏𝑙𝑅𝑀𝑆
(Phase-neutral RMS ballast

load voltage) over the 𝐵𝐿. This 𝑉 ′
𝑏𝑙𝑅𝑀𝑆

is chosen and shown in 3.12 and 3.13 only to
demonstrate, in an easier way, the functioning principle of voltage control over the 𝐵𝐿,
instead of using the real BL phase-phase voltage 𝑉𝑏𝑙𝑅𝑀𝑆

, as shown in Figure 3.10, which
comes from the delta connection. These can be seen in the results section. Then, the
functioning principle is the same for 𝑉𝑏𝑙𝑅𝑀𝑆

as for 𝑉 ′
𝑏𝑙𝑅𝑀𝑆

.

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 regulator) 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 ′

𝑏𝑙𝑅𝑀𝑆
is applied to the load in a progressive way until the maximum

𝑉 ′
𝑏𝑙𝑅𝑀𝑆

, 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 𝑉𝑏𝑙𝑅𝑀𝑆

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 – 𝑉𝑏𝑙′ as Fire Angle 90o

The voltage setting circuit shown in Figure 3.10 obtains the voltage signal 𝑉 𝑡1
(Voltage signal from the frequency transducer (position 1)) from the frequency transducer
and generates 8.3 V minus 𝑉 𝑡1 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 𝐷𝐶𝑀𝑆𝐺 Speed Regulator

For the normal functioning of an electric system, it is necessary for the analogical
speed regulator circuit to control the 𝐷𝐶𝑀𝑆𝐺 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, 𝑉𝑑𝑐, on the 𝐷𝐶𝑀𝑆𝐺 so that
the 𝐷𝐶𝑀𝑆𝐺 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 𝑈𝑛𝑎 (Feedback speed
signal), from the tachometer [36]. The second is the current regulator, which receives the
feedback current signal, 𝑉𝑖𝑎 (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 – 𝐷𝐶𝑀𝑆𝐺 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.

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 𝐼𝑀 , 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 𝐷𝐶𝑀𝐼𝐺 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 𝐷𝐶𝑀𝑆𝐺 becomes the 𝐷𝐶𝐺𝑆𝐺, and, because the energy generated by the 𝐷𝐶𝐺𝑆𝐺 is
blocked by the 𝑉𝑑𝑐 and 𝑉𝐷𝐶𝑀𝑆𝐺 (Voltage of direct current motor coupled with synchronous
generator) sense, the system frequency is increased to 56 Hz. 𝑉𝑑𝑐 is given by (3.6), where
the phase-phase voltage is 𝑉𝑝𝑝 and the thyristor firing angle is 𝛼.

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 Itajubá, in which the four quadrants operations of 𝐷𝐶𝑀 is
more detailed.

𝑉𝑑𝑐 = 1.35 × 𝑉𝑝𝑝 × 𝑐𝑜𝑠(𝛼) (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 140o, and the switches K1 and
K2 are commutated in order to change the field sense over the 𝐷𝐶𝑀𝑆𝐺 which results in
a change of the 𝑉𝐷𝐶𝑀𝑆𝐺 voltage sense applied on 𝐷𝐶𝑀𝑆𝐺, see the blue arrow shown in
Figure 3.15. So, this 𝑉𝐷𝐶𝑀𝑆𝐺 transition enables the current Ir into the circuit composed
of the converter and the 𝐷𝐶𝑀𝑆𝐺, 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 𝐷𝐶𝑀𝑆𝐺 field sense, the inversion of 𝑉𝐷𝐶𝑀𝑆𝐺, leading to
an interruption of the current circulation between the converter and the 𝐷𝐶𝑀𝑆𝐺 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, 𝐼𝑓1 (Field current 1 ) to 𝐼𝑓2 (Field current 2 ), shown in Figure 3.15, the
resistor 700 Ω was inserted into the 𝐷𝐶𝑀𝑆𝐺 field circuit. This resistor attenuates the
current variation during the transition time interval.

𝑉𝐿 = 𝐿 ×
𝑑𝑖𝑓1,2

𝑑𝑡

(3.7)

3.4 Results
In Figure 3.16, the system frequency rises when the 𝐼𝐺 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 .

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, 𝐵𝐿 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
𝐷𝐶𝑀𝑆𝐺 is acting as the generator 𝐷𝐶𝑀𝑆𝐺, as shown in Figure 3.15. The scenario consists
of 𝑉𝑏𝑙𝑅𝑀𝑆

= 155 V, 𝑃𝑏𝑙=267 W and 𝐼𝑏𝑙 (Ballast load current) (line)= 0.8 A.

Figure 3.18 shows the phase-phase voltage 𝑉𝑏𝑙𝑅𝑀𝑆
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 𝑉𝑏𝑙𝑅𝑀𝑆

= 155 V, 𝑃𝑏𝑙=267 W and 𝐼𝑏𝑙 (line)=
0.8 A.

Figure 3.18 – Voltage 𝑉 𝑏𝑙 across BL Figure 3.19 – Frequency control ERS

The Figure 3.19 shows the result of the 𝐸𝑅𝑆. 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 𝐷𝐶𝑀𝑆𝐺, which results in a change of the 𝑉𝐷𝐶𝑀𝑆𝐺. Then, this 𝑉𝐷𝐶𝑀𝑆𝐺
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transition allows the current to circulate in the circuit composed of the converter and the
𝐷𝐶𝑀𝑆𝐺, 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 𝐷𝐶𝑀𝑆𝐺 field sense and the inversion of 𝑉𝐷𝐶𝑀𝑆𝐺, leading to an interruption of the
current circulation between the converter and the 𝐷𝐶𝑀𝑆𝐺 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 𝑉𝑑𝑐 over the dc converter side as 𝛼 is
140 ∘. This means that the converter is operating as an inverter, taking energy out to the
grid. This angle 𝛼 was previously manually adjusted to 140 ∘. The 𝐼𝑎𝑐 (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.

Figure 3.20 – Voltage Vdc and Current Iac Figure 3.21 – Vbl -IG operates alone

Figure 3.21 shows the phase-phase voltage 𝑉𝑏𝑙𝑅𝑀𝑆
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 𝑉𝑏𝑙𝑅𝑀𝑆

= 205 V, 𝑃𝑏𝑙=448 W and
𝐼𝑏𝑙 (line)=1.0 A.

Figure 3.22 shows the system voltage 𝑉𝑝𝑝 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 𝑉𝑝𝑝

returns to 205 V as well. The phase-phase voltage 𝑉𝑏𝑙𝑅𝑀𝑆
across 𝐵𝐿 𝑉𝑏𝑙𝑅𝑀𝑆

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 𝑉𝑏𝑙𝑅𝑀𝑆

= 205 V, 𝑃𝑏𝑙=448 W and
𝐼𝑏𝑙 (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 𝐵𝐿 thyristor firing
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Figure 3.22 – Voltage Vpp-IG alone Figure 3.23 – BL control-IG 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 𝑉𝑝𝑝 varies from 205 V with 𝐵𝐿 to 250 V without 𝐵𝐿 and
then when the 𝐵𝐿 control returns, it changes the system voltage 𝑉𝑝𝑝 to 205 V as well.
The system has one-2/3 kW 𝑅𝐵 connected. The scenario is composed of 𝑉𝑏𝑙𝑅𝑀𝑆

= 205 V,
𝑃𝑏𝑙=448 W and 𝐼𝑏𝑙 (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 𝐷𝐶𝑀𝑆𝐺 become
the 𝑆𝑀 and 𝐷𝐶𝐺𝑆𝐺, 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 𝐷𝐶𝑀𝑆𝐺 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
140o. 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 𝐸𝑅𝑆 uses energy
regeneration to achieve success. The 𝐸𝑅𝑆 regulates the frequency faster than 𝐵𝐿 method:
the 𝐸𝑅𝑆 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 𝐸𝑅𝑆 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 𝐼𝐺 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 𝑉𝑝𝑝 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 𝑆𝑊𝑎 (Interchangeable switch) switch has to be changed from the 𝑉 𝑡1 to the
𝑉 𝑡2 (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 𝐸𝑅𝑆 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 𝐼𝐺 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 𝑉 𝑎𝐷𝐶𝑀𝐼𝐺 elevation method resulted in increase of 𝑃𝐷𝐶𝑀𝐼𝐺, 𝑃𝐼𝐺 and higher
𝐼𝐺 subgroup efficiency than the 𝐼𝑓𝐷𝐶𝑀𝐼𝐺 reduction method [28]. The increase of
𝑃𝐷𝐶𝑀𝐼𝐺 and 𝑃𝐼𝐺 are consequences of 𝐼𝐺 speed increase, 𝑛𝐼𝐺, that was obtained
by elevation of 𝑉 𝑎𝐷𝐶𝑀𝐼𝐺.

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

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 𝐼𝐺 connection into the electric system were studied as
follow: (i) direct startup as a motor and rising the speed up to it turns 𝐼𝐺, (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), 𝐼𝐺 maintenance is
simpler and consequently cheaper and 𝐼𝐺 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
𝐹𝑃𝑆𝑂, 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 𝑆𝑊𝑎 presented
in chapter 3. It means that when the 𝐼𝐺 operates alone, it is recommended the use of
voltage control system instead of frequency control system through by use of the cited
interchangeable switch 𝑆𝑊𝑎. 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 𝐼𝐺 and 𝑆𝐺 in parallel operation
mode. Thus, this 𝐵𝐿 method could be applicable in MHPP such as Boa Esperança 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 Itajubá.

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 𝑉𝑐𝑐 (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 30o 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.

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) Synchronism Transformer Diagram (b) Synchronism Transformer Views

Figure A.3 – Synchronism Transformer

Figure A.4 – General view of Synchronism Transformer

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 𝐷𝐶𝑀 , 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]
𝐸𝐷𝐶𝑀 (Direct current motor voltage) [V]
𝑅𝑎 (Armature circuit resistance)
𝐿𝑎 (Armature circuit inductance)
𝜑 Motor flux
𝐼𝑎 (Armature current)
𝑀 Motor torque
𝑇𝑐 (Load torque)
𝑇𝑓𝑟 (Friction torque)
𝐽 Moment of inertia (motor + load)
n Speed [rpm]
𝑤 Rotation [rad/s]
𝐵 Resultant torque

Also:

𝑀 = 𝑘 × 𝜑 × 𝐼𝑎 (A.1)

For the accelerating torque:

𝑀 − 𝑇𝑐 = 𝐵 (A.2)

𝐵 = 𝐽 × 𝑑𝑤

𝑑𝑡
(A.3)

𝜔 = 2 × 𝜋

60 × 𝑛0 × 𝑛

𝑛0
(A.4)

where:
𝑛0 No load speed [rpm]
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𝑀𝑛 Rated torque.

𝐵 = 𝑀𝑛 × 𝐵

𝑀𝑛

(A.5)

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

𝑀𝑛 × 𝐵

𝑀𝑛

= 𝐽 ×
𝑑 2𝜋

60 ×𝑛0× 𝑛
𝑛0

𝑑𝑡

(A.6)

𝑀𝑛 × 𝐵

𝑀𝑛

= 𝐽 × 2𝜋 × 𝑛0

60 × 𝑛0
× 𝑑𝑛

𝑑𝑡

𝑛 = 𝑛0

𝑀𝑛

× 1
2𝜋
60 𝐽 𝑛0

𝑀𝑛

∫︁
𝐵.𝑑𝑡 (A.7)

The 𝜏𝐻 (Accelerating time constant) is defined as:

𝜏𝐻 = 2𝜋

60
𝐽𝑛0

𝑀𝑛

(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.

𝑛 = 𝑛0

𝑀𝑛

1
𝜏𝐻

∫︁
𝐵.𝑑𝑡 (A.9)

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

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:

𝐼𝑎

𝐼𝑁

= 𝑖𝑎(𝑝𝑢)
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𝑇𝑐

𝑀𝑛

= 𝑡𝑐(𝑝𝑢)

𝐵

𝑀𝑛

= 𝑏(𝑝𝑢)

𝑛

𝑛0
= 𝑛𝑢(𝑝𝑢)

𝑀

𝑀𝑛

= 𝑚(𝑝𝑢)

The mechanical block diagram of Figure A.6 can be represented in pu as shown in
Figure A.7.

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 𝑖𝑎 (Armature current in pu) and 𝑚 (Motor torque
in pu) are equal.

A.4.3 Armature Circuit Equations

In order to define the 𝜏𝑎 (Inductor circuit or armature time constant) and the
block diagram, the calculus are shown in the following.

𝐸𝐷𝐶𝑀 = 𝑅𝑎𝐼𝑎 + 𝐿𝑎
𝑑𝐼𝑎

𝑑𝑡

+ 𝑈 (A.10)

Applying the Laplace transform results in:

𝐸𝐷𝐶𝑀 = 𝑅𝑎𝐼𝑎(𝑆) + 𝑆𝐿𝑎𝐼𝑎(𝑆) + 𝑈(𝑆)

𝐸𝐷𝐶𝑀 = 𝑈(𝑆) = 𝐼𝑎(𝑆)[𝑅𝑎 + 𝑆𝐿𝑎]
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𝑖𝑎(𝑆) = 𝐸𝐷𝐶𝑀(𝑆) − 𝑈(𝑆)
𝑅𝑎 + 𝑆𝐿𝑎

(A.11)

Defining 𝜏𝑎:

𝜏𝑎 = 𝐿𝑎

𝑅𝑎

(A.12)

𝐼𝑎(𝑆) = 𝐸𝐷𝐶𝑀(𝑆) − 𝑈(𝑆)
1 + 𝑆𝜏𝑎

× 1
𝑅𝑎

(A.13)

𝐼𝑎

𝐼𝑁

× 𝐼𝑁 = 𝐸𝐷𝐶𝑀 − 𝑈

𝑅𝑎

× 𝐸𝑁

𝐸𝑁

× 1
1 + 𝑆𝜏𝑎

𝐼𝑎

𝐼𝑁

= 𝐸𝐷𝐶𝑀 − 𝑈

𝐸𝑁𝑅𝑎

× 𝐸𝑁

𝐼𝑁

× 1
1 + 𝑆𝜏𝑎

𝐼𝑎

𝐼𝑁

= 𝐸𝐷𝐶𝑀 − 𝑈

𝐸𝑁

× 𝐸𝑁

𝑅𝑎𝐼𝑁

× 1
1 + 𝑆𝜏𝑎

The armature current 𝐼𝑎 seems to be normalized by the current 𝐼𝑁 (Rated Cur-
rent). Voltages 𝐸𝐷𝐶𝑀 and 𝑈 are also normalized by the voltage 𝐸𝑁 (Rated voltage). The
normalized values are set as:

𝐼𝑎 = 𝐼𝑎

𝐼𝑁

(A.14)

𝑒 = 𝐸𝐷𝐶𝑀

𝐸𝑁

(A.15)

𝑢 = 𝑈

𝐸𝑁

(A.16)

𝑉𝑖 = 𝐸𝑁

𝑅𝑎𝐼𝑁

(A.17)

where 𝑉𝑖 (Motor current amplification factor).

The block diagram of the DC motor armature circuit is shown in Fig. A.8.

The factor 𝑉𝑖

1+𝑆𝜏𝑎
can be considered a delay element of the 1st order. The time

constant 𝜏𝑎 can be determined in one of two alternative ways:

a) Measuring 𝐿𝑎 and 𝑅𝑎;

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

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 𝑅𝑆𝐻 (Shunt resistor)). The shunt resistor 𝑅𝑆𝐻 can be replaced by a current
Hall sensor, which is an usual alternative. Figure A.10 shows the expected time transient
response.

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 𝜏𝑎.

𝑖𝑎 = 𝑒 − 𝑢

1 + 𝑠𝜏𝑎

𝑉𝑖 (A.18)

An interpretation of the constant 𝑉𝑖 is given in A.18. The 𝑉𝑖 is a multiplicative
factor when the motor has the rotor locked and with rated voltage applied to the armature.

𝐼𝐴𝐾 = 𝐸𝑁

𝑅𝑎

(A.19)

𝐼𝐴𝐾

𝐼𝑁

= 𝐸𝑁

𝑅𝑎𝐼𝑁

(A.20)

Comparing (A.19) and (A.17) results in:

𝐼𝐴𝐾 = 𝑉𝑖𝐼𝑁 (A.21)

Thus. the 𝑉𝑖 factor can be interpreted as the multiplicative factor of the rated
current to get a 𝐼𝐴𝐾 (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.

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:
𝜏𝑔𝑠1 (Filter time constant of the reference channel of the speed loop)
𝜏𝑔𝑠2 (Filter time constant of the reference channel of the current loop)
𝑉𝑅𝑛 (Gain of the speed regulator)
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Figure A.12 – Complete Block Diagram of Controlled Drive

𝑉𝑅𝑖 (Gain of the current regulator)
𝜏𝑛 (Time constant of the speed regulator )
𝜏𝑖 (Current regulator time constant)
𝜏𝑔𝑛 (Filter time constant of the speed transducer )
𝜏𝑔𝑖 (Filter time constant of the current transducer)
𝜏𝑠𝑠 (Firing circuit time constant )
𝑉𝑠 (Gain of the static converter)
𝜏𝑎 Inductor circuit or armature time constant
𝑉𝑖 (Gain of machine electric part)
𝑉𝑐𝑐 Control voltage of thyristor firing circuit
𝑖𝑎 Armature current in pu
𝑡𝑐 (Load torque in pu)
𝑛𝑢 (Speed in pu)
𝑛𝑅𝐸𝐹 (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
(kW)

Rated
current

(A)

Rated
speed
(rpm)

No
load

speed
(rpm)

Voltage
(V)

Armature
resis-
tance
(Ω)

Armature
induc-
tance
(mH)

Accel.1

time
constant
𝑇𝐻(s)

Rated
torque

Nm

J
inertial

mo-
ment

(𝑘𝑔.𝑚2)
1.7 7.72 1500 1770 220 V 7.0 490 1.54 10.8 0.09

1 accelerating

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:
𝐿𝑑 (Smoothing reactor inductance)
𝐿𝑠 (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:

𝜏𝑔𝑖 ≤ 1
2

𝑝𝑒𝑟𝑖𝑜𝑑

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝𝑢𝑙𝑠𝑒𝑠
(𝑠) (A.22)
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Figure A.14 – Current Transducer

𝜏𝑔𝑖 ≤ 1
2 × 16.7 × 10−3

6 (𝑠) ∴ 𝜏𝑔𝑖 ≤ 1.39 𝑚𝑠

For 60 Hz, a period of 16.7 ms and a six-pulse bridge, the filter time constant of
the current transducer is then adopted as:

𝜏𝑔𝑖 ≤ 1.39 𝑚𝑠 (A.23)

The firing circuit cannot instantly respond to the change in the firing angle 𝛼.
This time constant can vary in the range of zero to one sixth of a cycle. Thus, the time
constant of the firing circuit 𝜏𝑠𝑠 = 2.5 ms is defined.

From the armature resistance 𝑅𝑎 and armature inductance 𝐿𝑎, the inductor circuit
time constant 𝜏𝑎 was obtained measuring 𝐿𝑎 and 𝑅𝑎 and calculated as demonstrated
below.

𝜏𝑎 = 𝐿𝑎

𝑅𝑎

= 490 × 10−3

7 (A.24)

𝜏𝑎 = 𝐿𝑎

𝑅𝑎

= 70 𝑚𝑠 (A.25)
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This constant 𝜏𝑎 was calculated considering the total inductance 𝐿𝑎 in series with
the armature circuit, which corresponds to the inductance of the machine added to the
inductance of the external smoothing reactor.

Considering 𝐸𝑁 equal to the rated voltage at the rectifier bridge output, the 𝑉𝑖

(motor current amplification factor) is:

𝑉𝑖 = 𝐸𝑛

𝑅𝑎 × 𝐼𝑎

= 220
7 × 7.72 = 4.07 (A.26)

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

𝐸 = 1.35 × 𝑈2 × 𝑐𝑜𝑠𝛼 (A.27)

𝑈2 (AC supply voltage) is applied on the converter bridge:

𝑑𝐸

𝑑𝛼

= −1.35 × 𝑈2 × 𝑠𝑖𝑛𝛼 (A.28)

Multiplying part by part by 𝜋
𝐸𝑁

results in:

𝑑( 𝐸
𝐸𝑁

)
𝑑(𝛼

𝜋
) = −1.35 × 𝑈2

𝐸𝑁

× 𝜋 × 𝑠𝑖𝑛𝛼 (A.29)

In order to define 𝑈2, the 𝐴𝐶 supply voltage applied on the converter bridge and
neglecting the overlap angle 𝜇, the following equation is used:
As 𝐸𝑛 = 220𝑉 and considering the firing angle 𝛼 = 30∘

220 = 1.35 × 𝑈2 × 𝑐𝑜𝑠(30∘) ∴ 𝑈2 = 188 𝑉 (A.30)

Then, considering 𝛼𝑢 equal to 𝛼𝑢 = 𝛼
𝜋

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

𝑑𝑒

𝑑𝛼𝑢

= −1.35 × 188
220 × 𝜋𝑠𝑖𝑛𝛼 ∴

𝑑𝑒

𝑑𝛼𝑢

= −1.15𝜋𝑠𝑖𝑛𝛼 (A.31)

resulting in:

𝑉𝑆 =
⃒⃒⃒⃒
⃒ 𝑑𝑒

𝑑𝛼𝑢

⃒⃒⃒⃒
⃒ = 1.15 × 𝜋 × 𝑠𝑖𝑛𝛼

When 𝛼 = 90 ∘, the maximum gain is:



APPENDIX A. Filters and Regulators Project 100

𝑉𝑆1 = 𝑑𝑒

𝑑𝛼𝑢

= 1.15 × 𝜋 ∴ 𝑉𝑆1 = 3.61 (A.32)

For 𝛼= 30∘, the gain is given by:

𝑉𝑆2 = 𝑑𝑒

𝑑𝛼𝑢

= 1.15 × 𝜋 × 0.5 ∴ 𝑉𝑆2 = 1.80 (A.33)

The average gain of static converter 𝑉𝑠 can be determined as:

𝑉𝑆 = 𝑉𝑆1 + 𝑉𝑆2

2 = 2.71 (A.34)

The current regulation system gain is then obtained:

𝑉𝑠𝑖𝑎 = 𝑉𝑠 × 𝑉 𝑖 = 2.71 × 4.07 = 11.03 (A.35)

The sum of the small-time constants 𝛼 is:

𝜎 = 𝜏𝑠𝑠 + 𝜏𝑔𝑖 = 2.5 + 1.39 ∴ 𝜎 = 3.89 (A.36)

Then:

𝜏𝑎

4𝜎
= 70

4 × 3.89 = 4.50 > 1 (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 𝑉𝑅𝑖 can
be obtained:

𝑉𝑅𝑖 = 𝜏𝑎

2 × 𝑉𝑠𝑖𝑎 × 𝜎
= 70

2 × 11.03 × 3.89 = 0.8 (A.38)

Then, the current regulator time constant 𝜏𝑖 is:

𝜏𝑖 = 4 × 𝜎 × 𝜏𝑎

𝜏𝑎 + 3 × 𝜎
= 4 × 3.89 × 70

70 + 3 × 3.89 = 13.34𝑚𝑠 (A.39)

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

𝜏𝑔𝑠2 = 4 × 𝜎 × (1 − 𝑒−( 𝜏𝑎
4×𝜎

−1)) (A.40)
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𝜏𝑔𝑠2 = 4 × 3.89 × (1 − 𝑒−( 70
4×3.89 −1)) = 15.09𝑚𝑠 (A.41)

Capacitors Calculus
- Reference value filter:

𝐶𝑠 = 𝑅𝑆1 + 𝑅𝑆2

𝑅𝑆1 × 𝑅𝑆2
* 𝜏𝑔𝑠2 (A.42)

𝐶𝑠 = 22 + 22
22 × 22 × 15.09 𝜇𝐹 = 1.37 𝜇𝐹 (A.43)

- Current transducer filter

𝐶𝑖 = 𝑅𝑖1 + 𝑅𝑖2

𝑅𝑖1 × 𝑅𝑖2
* 𝜏𝑔𝑖 (A.44)

𝐶𝑖 = 15 + 15
15 × 15 × 1.39 ∴ 𝐶𝑖 = 0.19𝜇𝐹 (A.45)

The closest and chosen capacitors values were 𝐶𝑠= 1.22 𝜇𝐹 and 𝐶𝑖= 0.22 𝜇𝐹 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
(𝑉𝑅𝑖)

Time
Constant

(𝜏𝑖)

Reference channel
Filter time constant

(𝜏𝑔𝑠2)

Feedback channel
filter time constant

(𝜏𝑔𝑖)
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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Figure A.15 – Implementation of Current Regulator

A.5.2.1 Calculus of 𝑅𝑀 ′′
2 and 𝑅𝑞′′

1

In order to make the adjustment of 𝑅𝑀 ′′
2 (Integral branch adjustment resistor of current

regulator) and 𝑅′′
𝑞1 (Proportional branch adjustment resistor of current regulator), the

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

𝑅𝑀 ′′
2 was obtained as:

𝜏𝑛 = (𝑅𝑀 ′′
1 + 𝑅𝑀 ′′

2 ) × 𝐶𝐹 ′′ (A.46)

𝑅𝑀 ′′
1 + 𝑅𝑀 ′′

2 = 𝜏𝑖

𝐶𝐹 ′′ =
(︃

13.34 × 10−3

8.8 × 10−6

)︃
= 1.52 𝑘Ω (A.47)

𝑅𝑀 ′′
2 = 𝜏𝑖

𝐶𝐹 ′′ − 𝑅𝑀 ′′
1 = 1520 − 470 = 1.05𝑘Ω (A.48)

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

𝑅′′
𝑎𝑗 =

(︁
𝑅′′

𝐹 × (𝑅′′
𝑞1 + 𝑅′′

𝑞2)
)︁

(𝑉𝑅𝑖 × (𝑅′′
𝑖1 + 𝑅′′

𝑖2))
(A.49)

𝑅′′
𝑎𝑗 = (10 × (4.7 + 0.47)

(0.8 × (15 + 15)) × 103 (A.50)

𝑅′′
𝑎𝑗 = 2.15𝑘Ω (A.51)
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Then, as 𝑅′′
𝑞2 (Proportional branch steady resistor of current regulator)=470 Ω

𝑅′′
𝑞1 + 𝑅′′

𝑞2 = 2150 Ω (A.52)

𝑅′′
𝑞1 = 2150 − 470 Ω (A.53)

𝑅′′
𝑞1 = 1.68 𝑘Ω (A.54)

Adopting the 𝑉𝑅𝑖 as the variable in evidence, it will be possible to find the 𝑉𝑅𝑖 limits by
just changing 𝑅′′

𝑎𝑗 as follows.

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

𝑉𝑅𝑖 =

(︁
𝑅′′

𝐹 × (𝑅′′
𝑞1 + 𝑅′′

𝑞2)
)︁

(︁
𝑅′′

𝑎𝑗 × (𝑅′′
𝑖1 + 𝑅′′

𝑖2)
)︁ (A.55)

For the minimum 𝑅′′
𝑎𝑗=0.47 k Ω, the maximum 𝑉𝑅𝑖 is:

𝑉𝑅𝑖𝑚𝑎𝑥 = (10 × (4.7 + 0.47)
(0.47 × (15 + 15)) = 3.6 (A.56)

For the maximum 𝑅′′
𝑎𝑗= 4.8 k Ω, the minimum 𝑉𝑅𝑖 is:

𝑉𝑅𝑖𝑚𝑖𝑛 = (10 × (4.7 + 0.47)
(5.17 × (15 + 15)) = 0.33 (A.57)

Thus, as the defined resistors, the 𝑉𝑅𝑖 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′′

𝑎𝑗

𝑅′′
𝑞1 𝑅𝑀 ′′

2 Optimized
gain (𝑉𝑅𝑖)

Minimum
gain

(𝑉𝑅𝑖𝑚𝑖𝑛)

Maximum
gain

(𝑉𝑅𝑖𝑚𝑎𝑥)
2.15 k Ω 1.68 kΩ 1.05 kΩ 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 𝜏𝑒

(Equivalent time constant) as in [4]:

𝜏𝑒 = 2 × 𝜎 + 1
2 × 𝜏𝑔𝑠2 (A.58)

𝜏𝑒 = 2 × 3.89 + 1
2 × 15.09 ≈ 15 𝑚𝑠 (A.59)

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

Figure A.16 – Speed Regulation Loop

The speed transducer filter time constant is 𝜏𝑔𝑛 = 100 ms.

The speed loop has the following time constants:
𝜏𝐻 (accelerating time constant) = 1.54 s
𝜏𝑒 (equivalent time constant of current stabilization loop) = 15 ms
𝜏𝑔𝑛 (speed transducer filter time constant) = 100 ms
The small-time constants 𝜏𝑒 and 𝜏𝑔𝑛 will be replaced by representative time constant 𝜎′

as follows:

𝜎′ = 𝜏𝑒 + 𝜏𝑔𝑛 (A.60)
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𝜎′ = 15 + 100 = 115 𝑚𝑠 (A.61)

As the division 𝜏𝐻

4×𝜎′ = 1.54
4×0.115 = 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:

𝑉𝑅𝑁 = 𝜏𝐻

2 × 𝜎′ = 1.54
2 × 0.115 = 6.7 (A.62)

𝜏𝑛 = 4 × 𝜎′ = 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:

𝜏𝑔𝑛 = 100 𝑚𝑠 (A.64)

The reference channel filter has the following time constant:

𝜏𝑔𝑠1 = 4 × 𝜎′ × (1 − 𝑒−( 𝜏𝐻
4×𝜎′ −1)) = 416 𝑚𝑠 (A.65)

A.6.1 Capacitors calculus

Adopting the resistances 𝑅′
𝑠1= 𝑅′

𝑠2= 100 k Ω as part of the reference value filter and
𝑅′

𝑖1= 𝑅′
𝑖2= 100 kΩ as part of the speed transducer filter, it results in:

- Reference value filter capacitor:

𝐶𝑛 = 𝑅′
𝑆1 + 𝑅′

𝑆2
𝑅′

𝑆1 × 𝑅′
𝑆2

* 𝜏𝑔𝑠1 = 8.32 𝜇𝐹 (A.66)

The closest capacitor value was got by four capacitors 2.2 𝜇𝐹 in parallel, resulting in 8.8
𝜇𝐹 .
- Speed transducer filter capacitor:

𝐶𝐿 = 𝑅′
𝑖1 + 𝑅′

𝑖2
𝑅′

𝑖1 × 𝑅′
𝑖2

* 𝜏𝑔𝑛 = 2.2 𝜇𝐹 (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
(𝑉𝑅𝑁)

Time
Constant

(𝜏𝑛)

Reference channel
Filter time constant

(𝜏𝑔𝑠1)

Speed transducer
filter time constant

(𝜏𝑔𝑛)
PI 6.7 460 416 100

Figure A.17 shows the speed regulator. This speed regulator structure was pro-
posed by [4]

Figure A.17 – Implementation of Speed Regulator

A.6.2.1 Calculus of 𝑅𝑀 ′
2 and 𝑅′

𝑞1

In order to do the adjustment of 𝑅𝑀 ′
2 (Integral branch adjustment resistor of speed

regulator) and 𝑅′
𝑞1 (Proportional branch adjustment resistor of speed regulator), the

specific values for each of these resistors will be calculated.
𝑅𝑀 ′

2 was obtained as follow:

𝜏𝑛 = (𝑅𝑀 ′
1 + 𝑅𝑀 ′

2) × 𝐶𝐹 ′

(𝑅𝑀 ′
1 + 𝑅𝑀 ′

2) = 𝜏𝑛

𝐶𝐹 ′ = 460 × 10−3

8.8 × 10−6 = 52.27 𝑘Ω (A.68)
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𝑅𝑀 ′
2 = 𝜏𝑛

𝐶𝐹 ′ − 𝑅𝑀 ′
1 = 52.27 − 4.7 = 47.57 𝑘Ω (A.69)

Note: The 𝑅𝑀 ′
2 was adjusted in 47.0 kΩ, the maximum value available.

Follow the calculus used to calculate the adjustment resistance 𝑅′
𝑎𝑗 (adjustment

resistance of speed regulator) and 𝑅′
𝑞1:

𝑅′
𝑎𝑗 =

(︁
𝑅𝐹 × (𝑅′

𝑞1 + 𝑅′
𝑞2)
)︁

(𝑉𝑅𝑁 × (𝑅′
𝑖1 + 𝑅′

𝑖2))
(A.70)

𝑅′
𝑎𝑗 = (100 × (4.7 + 0.10)

(6.7 × (100 + 100)) × 103 = 358.2 Ω (A.71)

Then, as 𝑅′
𝑞2 (Proportional branch steady resistor of speed regulator)=100.0 Ω, the

adjusted 𝑅′
𝑞1 is

𝑅′
𝑞1 = 358.2 − 100 Ω (A.72)

𝑅′
𝑞1 = 258.2 Ω (A.73)

Adopting the variable 𝑉𝑅𝑛 as not defined, it will be possible to find the 𝑉𝑅𝑛 limits by
changing of the 𝑅′

𝑎𝑗 as follow:

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

𝑉𝑅𝑛 =

(︁
𝑅𝐹 × (𝑅′

𝑞1 + 𝑅′
𝑞2)
)︁

(︁
𝑅′

𝑎𝑗 × (𝑅′
𝑖1 + 𝑅′

𝑖2)
)︁ (A.74)

For the minimum 𝑅′
𝑎𝑗=0.10 k Ω, the 𝑉𝑅𝑛max is:

𝑉𝑅𝑛𝑚𝑎𝑥 = (100 × (4.7 + 0.10)
(0.10 × (100 + 100)) = 24 (A.75)

For the maximum 𝑅′
𝑎𝑗=4.8 kΩ, the 𝑉𝑅𝑛min is:

𝑉𝑅𝑛𝑚𝑖𝑛 = (100 × (4.7 + 0.10)
(4.8 × (100 + 100)) = 0.5 (A.76)

Thus, as the defined resistors for the controller, the 𝑉𝑅𝑛 can vary from 0.5 to 24.

The 𝑅′
𝑎𝑗 was empirically defined as 𝑅′

𝑎𝑗=600.0 Ω, which resulted in 𝑉𝑅𝑛1 equal to:

𝑉𝑅𝑛1 = (100 × (4.7 + 0.10)
(0.6 × (100 + 100)) = 4.0 (A.77)
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Then, instead of considering the optimized value 𝑉𝑅𝑛= 6.7, (A.62), 𝑉𝑅𝑛1=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
𝑅′

𝑎𝑗

𝑅′
𝑞1 𝑅𝑀 ′

2 Optimized
gain 𝑉𝑅𝑛

Minimum
gain

(𝑉𝑅𝑛𝑚𝑖𝑛)

Maximum
gain

(𝑉𝑅𝑛𝑚𝑎𝑥)
358.2 Ω 258.2 Ω 47.57 k Ω 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 𝑉𝑅𝑛 of 6.7 has been calculated, the gain was empiri-

cally adjusted to 4.0 with the 𝑅′
𝑎𝑗 equal to 600 Ω.

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′

𝑎𝑗 equal to 600 Ω, 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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(a) Electrical Diagram

(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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Figure A.19 – Speed and Current Waveforms

Variables:
𝑇𝑓𝑟: Friction torque
𝑇𝑚 (Motor torque)
𝑇𝑛 (Motor rated torque)
𝑇𝑐: Load torque
𝐽 : Inertial moment
𝑁𝑛: 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:

𝑇𝑚 − 𝑇𝑓𝑟 − 𝑇𝐶 = 𝐽 × 𝑑𝑛

𝑑𝑡

(A.78)

Considerations:
𝑇𝑚=2 × 𝑇𝑛 (the limit torque was adjusted by the regulator system by the limit current).
𝑇𝑜𝑟𝑞𝑢𝑒 = 𝑘 × 𝜑 × 𝐼, considering 𝐼𝑙𝑖𝑚𝑖𝑡 = 2 × 𝐼𝑛.

𝑇𝑐 and 𝑇𝑓𝑟 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 𝑇𝑓𝑟 is proportional to the speed n. The load torque 𝑇𝑐 is also approximately propor-
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Figure A.20 – 𝐷𝐶𝑀 coupled with 𝑆𝐺 and a Resistive Load

tional to the speed n, as demonstrated below:

𝑃 = 𝑉 2
𝑆𝐺

𝑅
(A.79)

and as 𝑉𝑆𝐺=𝑘 × n × 𝜑 and as 𝜑=constant, then 𝑘′=𝑘 × 𝜑, therefore,

𝑉𝑆𝐺 = 𝑘′ × 𝑛 (A.80)

Substituting (A.80) into (A.79) gives:

𝑃 = 𝑘′2 × 𝑛2

𝑅
∴ 𝑃 = 𝑘′′ × 𝑛2 (A.81)

Note: 𝑘′′ is the proportionality constant 2.

Considering the steady state conditions, 𝑇𝑚 is equal to 𝑇𝑐, that result in:

𝑇𝑐 = 𝑃𝑚𝑒𝑐

𝑛
(A.82)

Note: As 𝑃𝑚𝑒𝑐 (Mechanical power) is equal to 𝑃𝑒𝑙𝑒𝑐

𝜂
, the 𝜂 was considered constant

in an average value.

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

𝑇𝑐 = 𝑘′′′ × 𝑛2

𝑛
∴ (A.83)

𝑇𝑐 = 𝑘′′′ × 𝑛 (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 𝑇𝑚=2 × 𝑇𝑛 into Equation (A.78) results in:

2 × 𝑇𝑛 − 𝑇𝑓𝑟 − 𝑇𝑐 = 𝐽 × 𝑑𝑛

𝑑𝑡

(A.85)

As the magnetic field 𝜑 is constant, then 𝑇𝑓𝑟+𝑇𝑐=(𝑘1 + 𝑘2)× n, or, in summary:

𝑇𝑓𝑟 + 𝑇𝑐 = 𝑘′′′′ × 𝑛 (A.86)

Note: 𝑘′′′′ is the proportionality constant 4.

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

2 × 𝑇𝑛 − 𝑘′′′′ × 𝑛 = 𝐽 × 𝑑𝑛

𝑑𝑡

(A.87)

From Table A.1, 𝑇𝑛=10.8 Nm.

𝐽 × 𝑑𝑛

𝑑𝑡

+ 𝑘′′′′ × 𝑛 = 2 × 10.8 (A.88)

𝑑𝑛

𝑑𝑡

+ 𝑘′′′′

𝐽
× 𝑛 = 21.6

𝐽
(A.89)

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

𝑇𝑛 = 𝑘′′′′ × 2 × 𝜋

60 × 1500 (A.90)

𝑘′′′′ = 60 × 10.8
2 × 𝜋 × 1500 ∴ (A.91)

𝑘′′′′ = 64.8
300 × 𝜋

= 0.069 𝑁𝑚
𝑟𝑎𝑑

𝑠

(A.92)

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

𝑑𝑛

𝑑𝑡

+ 0.069
0.09 × 𝑛 = 21.6

0.09 (A.93)

Linear differential equation:

𝑑𝑛

𝑑𝑡

+ 0.77 × 𝑛 = 240 (A.94)
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Considering [41], the solution for (A.94) is:

𝑛 = 𝑒−
∫︀

𝑃 𝑑𝑡 ×
[︂∫︁

𝑄 × 𝑒
∫︀

𝑃 𝑑𝑡𝑑𝑡 + 𝐶
]︂

(A.95)

Considering [41] and Equation (A.94), P= 0.77 and Q= 240, then:

𝑛 = 𝑒−
∫︀

0.77𝑑𝑡 ×
[︂∫︁

240 × 𝑒
∫︀

0.77𝑑𝑡𝑑𝑡 + 𝐶
]︂

(A.96)

𝑛 = 𝑒−0.77𝑡 ×
[︂∫︁

240 × 𝑒0.77𝑡𝑑𝑡 + 𝐶
]︂

(A.97)

𝑛 = 𝑒−0.77𝑡 ×
[︃

240 × 𝑒0.77𝑡

0.77 + 𝐶

]︃
(A.98)

𝑛 = 𝑒−0.77𝑡 ×
[︁
311.68 × 𝑒0.77𝑡 + 𝐶

]︁
(A.99)

In order to find the constant C, the boundary condition is used:

𝐹𝑜𝑟 𝑡 = 0, 𝑛 = 0 (A.100)

Substituting (A.100) into (A.99) gives:

0 = 1 × [311.68 + 𝐶] (A.101)

𝐶 = −311.68 (A.102)

Substituting (A.102) into (A.99) gives:

𝑛 = 𝑒−0.77𝑡 ×
[︁
311.68 × 𝑒0.77𝑡 − 311.68

]︁ 𝑟𝑎𝑑

𝑠
(A.103)

Converting 𝑟𝑎𝑑
𝑠

to 𝑟𝑝𝑚 results in:

𝑛 = 𝑒−0.77𝑡 ×
[︁
311.68 × 𝑒0.77𝑡 − 311.68

]︁
× 60

2 × 𝜋
𝑟𝑝𝑚 (A.104)

𝑛 = 2976.32𝑒−0.77𝑡 ×
[︁
𝑒0.77𝑡 − 1

]︁
𝑟𝑝𝑚 (A.105)

For n=1500 rpm, it gives:

1500 = 2976.32𝑒−0.77𝑡 ×
[︁
𝑒0.77𝑡 − 1

]︁
(A.106)
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1500 = 2976.32 ×
[︁
1 − 𝑒−0.77𝑡

]︁
(A.107)

Solving the equation (A.107) by the iterative method results in:

𝑡 = 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 Itajubá [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.

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)
𝑉 1 (Sawtooth voltage)
𝑉 𝐶 (Control voltage)
𝑉 3 (Rectangular wave)
𝑉 2 (Rectangular pulse)
𝑉 4 (Rectangular pulses train)
𝑉 5 (Amplified rectangular pulses train)
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.

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
𝑉 1′ (Rectangular pulse)
𝑉 2′ (Wider Rectangular pulse), 𝑉 3′ (Wider Rectangular pulse) and 𝑉 4′ (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:

∙ Internal required current: 5 mA;

∙ Digital logic is highly immune to interference;

∙ Two main outputs with 55 mA current and two other outputs with open collector
pins rated to 1.5 mA current;

∙ Three TCA 785 are needed for a three-phase system;

∙ The period of the output pulse is defined by the external capacitor;

∙ The output voltage is adjusted at 3.1 V;

∙ Simultaneous inhibition of all outputs is possible;

∙ 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.

Figure B.3 – Internal Diagram of TCA 785.

Legend:
1: Zero detection
2: Synchronism memory
3: C10 discharge monitoring
4: Control comparator
5: Synchronizing voltage
6: Logical unit
7: Voltage internal regulator (3.1 V)
8: Steady current source
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Figure B.4 – Waveforms Diagram for TCA 785. [1]

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

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 < 500𝑘Ω)

10 Capacitor to generate the ramp (C10≤ 0.5𝜇𝐹 )

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 180o 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: 𝐶8 = 10 𝑛𝐹, 𝐶11 =
100 𝑛𝐹 𝑎𝑛𝑑 𝐶16 = 10 𝜇𝐹 + 10 𝑛𝐹

B.4 Equations
(a) Charge current of capacitor C10:

𝐼10 = 𝑉𝑟𝑒𝑓×𝐾

𝑅9 (B.1)

(b) Ramp voltage

𝑉10 = 𝑉𝑟𝑒𝑓 × 𝐾 × Δ𝑡

𝑅9 × 𝐶10 (B.2)

(c) Starting point

𝑡𝑧 = 𝑅9 × 𝐶10
𝑉𝑟𝑒𝑓×𝐾

× 𝑉11 (B.3)

(d) Pulse width

𝑇𝑃 = 30𝜇𝑠, 𝑤𝑖𝑡ℎ𝑜𝑢𝑡 𝐶12 (B.4)

𝑇𝑃 ≈ 430 𝜇𝑠

𝑛𝐹
𝑤𝑖𝑡ℎ 𝐶12 (B.5)
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where:
𝑉𝑟𝑒𝑓 = 𝑉 8 = 3.1 𝑉

𝐾 = 1.25
𝐶10 ≤ 0.5 𝜇𝐹

25 𝑘Ω < 𝑅9 < 500 𝑘Ω

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 𝑘Ω potentiometer connected between the source 𝑉 𝐶𝐶 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.

Figure B.6 – CI 555 as Monostable

Note:
The 555 in Figure B.6 is set as: 𝑇 = 1.1 × 𝑅1 × 𝐶1
𝑅1: Range from 10 k Ω to 14 M Ω



APPENDIX B. Analogical Control Board (Firing Circuit) 123

𝐶1: Range from 100 pF to 1000 𝜇𝐹

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.

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 BC558 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 Ω 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:

∙ To amplify the control signals from the signal stages;

∙ To have current source characteristics instead of voltage source;

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

Figure B.9 shows the attack stage circuit.

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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Figure B.10 – Control Voltage Circuit.

B.9 General Overview
Figure B.11 shows the block diagram.

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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Figure B.12 – Firing Circuit Diagram

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 Itajubá
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 𝐷𝐶𝑀 . 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 𝜏 ′ (Generator field time constant). As shown in Figure C.1,
dividing the 𝑉𝑓𝑑 (Generator field terminal voltage) , by the 𝐼𝑐𝑐 (Generator field circuit
current), the 𝑅𝑓𝑑𝑚𝑒𝑑 (Measured field electrical resistance) is given below:

𝑅𝑓𝑑𝑚𝑒𝑑 = 116.3𝑉

0.42𝐴
≈ 277 Ω (C.1)

As additional information and to calculate the reference temperature resistance,
[48], to 40 ∘𝐶, Θ𝑟𝑒𝑓 , for the temperature rise test [49, 50], the equation indicated in C.2
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Figure C.1 – Auxiliary Circuit Mounted in the Laboratory

is used:

𝑅𝑓𝑑𝑟𝑒𝑓 = 𝑅𝑓𝑑𝑚𝑒𝑑 × 234.5 + Θ𝑟𝑒𝑓

234.5 + Θ𝑚𝑒𝑑

(C.2)

considering:
𝑅𝑓𝑑𝑚𝑒𝑑 : Measured field electrical resistance
Θ𝑟𝑒𝑓 : Reference temperature resistance
Θ𝑚𝑒𝑑 : Measured winding temperature

The 277 Ω resistance measured during the experiment was obtained for Θ𝑚𝑒𝑑 =
22.0 ∘𝐶. Otherwise, the reference field resistance for 40 ∘C is calculated in Equation C.3:

𝑅𝑓𝑑𝑟𝑒𝑓 = 277 × 234.5 + 40.0
234.5 + 22.0 = 296.4 Ω (C.3)

Note: The field winding is made of copper.

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

From Figure C.2, it is found 𝜏 ′= 160 ms, that corresponds to time interval to
current 𝐼𝑐𝑐, 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:

𝜏 ′ = 𝐿𝑓𝑑

𝑅𝑓𝑑

(C.4)
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Figure C.2 – Generator Time Constant Determination

Thus, it can be seen that:

𝐿𝑓𝑑 = 𝜏 ′ × 𝑅𝑓𝑑 = 160.0 × 10−3 × 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 𝑅𝑓𝑑 = 277 Ω
Generator field inductance 𝐿𝑓𝑑 = 44.3 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 𝑉𝑟𝑒𝑓 (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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Figure C.3 – Simplified Block Diagram of Voltage Regulation

Legend:
𝑉 𝐶: Control voltage;
𝑉𝑓𝑑: Generator field voltage;
𝑉𝑠𝑎 (Generator output voltage)
𝑉𝑡 (Transducer output voltage)
𝑉𝑟𝑒𝑓 : Reference voltage;
Δ𝑉 : Voltage error signal;
𝑆𝐺: Synchronous generator;
𝐸𝑆𝐺𝑓 (Synchronous generator field terminal voltage)
𝛼: Firing angle.
Note 1: For 𝐸𝑆𝐺𝑓=𝑉𝑓𝑑, 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: 𝑉𝑓𝑑 produces field excitation current and, by means of this one, the
armature voltage, 𝑉𝑠𝑎, 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.

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

Legend
𝑅𝑓𝑑 (Field resistor)
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𝐿𝑓𝑑 (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 𝜏𝑠𝑠 (firing circuit time constant) [51] is:

𝜏𝑠𝑠 =1.5 ms

The feedback channel filter time constant, 𝜏𝑔𝑖, 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 𝜏𝑔𝑖, the feedback channel filter time
constant, is as shown below [51]:

𝜏𝑔𝑖 =1.5 ms

The voltage regulator is responsible for dynamic characteristic compensation of
the voltage control loop as shown in Figure C.5:

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

Legend:
𝜏 ′: Generator field time constant
𝜏 ′

𝑖 (Regulator time constant)
𝜏𝑔𝑖: Feedback channel filter time constant
𝜏𝑔𝑠 (Smoothing time constant)
𝜏𝑠𝑠: Firing circuit time constant
𝑉𝑠: 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 𝜎 is:

𝜎 = 𝜏𝑠𝑠 + 𝜏𝑔𝑖 = 3.0 𝑚𝑠 (C.6)

The resulting value from the ratio between the generator field time constant, 𝜏 ′

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

𝜏 ′

4 × 𝜎
= 160 × 10−3

4 × 3.0 × 10−3 = 13.3 (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 𝜏 ′ = 160.0𝑚𝑠

Firing circuit time constant Small 𝜏𝑠𝑠 = 1.5𝑚𝑠

Time constant of feedback channel filter Small 𝜏𝑔𝑖 = 1.5𝑚𝑠

The smoothing time constant, 𝜏𝑔𝑠, which minimizes the overshoot from the step
signal in the loop entry, is:

𝜏𝑔𝑠 = 4 × 𝜎 ×
(︂

1 − 𝑒−( 𝜏 ′
4𝜎

−1)
)︂

(C.8)

Substituting the corresponding values in Equation C.8 results in:

𝜏𝑔𝑠 = 4 × 3.0 ×
(︂

1 − 𝑒
−( 160×10−3

4×3.0×10−3 −1)
)︂

= 12𝑚𝑠 (C.9)

The smoothing time constant 𝜏𝑔𝑠 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 𝜏 ′

4𝜎
> 1 Symmetrical optimization (𝑆𝑂)

When the ratio 𝜏 ′

4𝜎
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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Figure C.6 – Value of 𝜏𝑔𝑠 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 𝜏 ′

4𝜎
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):

𝐹 (𝑠) = 𝐾𝑝 × 1 + 𝑠𝜏 ′
𝑖

𝑠𝜏 ′
𝑖

(C.10)

Legend:
𝐾𝑝 (Voltage regulator gain)
𝜏 ′

𝑖: Regulator time constant

The 𝑃𝐼 regulator or 𝑃𝐼 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, 𝐸𝑆𝐺𝑓 , is
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calculated by Equation (C.11):

𝐸𝑆𝐺𝑓 = 1.35 × 𝐸𝑝𝑝 × 𝑐𝑜𝑠𝛼 (C.11)

Developing the expression above:

𝐸𝑆𝐺𝑓

𝐸𝑁

= 1.35 × 𝐸𝑝𝑝

𝐸𝑁

×
[︂
𝑐𝑜𝑠

(︂
(𝛼

𝜋
) × 𝜋

)︂]︂
(C.12)

𝐸𝑁 : Rated voltage across SG field terminals.
and deriving Equation C.11 against the variable 𝛼

𝜋
, we obtain the following:

𝑑(𝐸𝑆𝐺𝑓

𝐸𝑁
)

𝑑(𝛼
𝜋
) = −1.35 × 𝜋 × 𝐸𝑝𝑝

𝐸𝑁

×
[︂
𝑠𝑖𝑛

(︂
(𝛼

𝜋
) × 𝜋

)︂]︂
(C.13)

Defining 𝑒 = 𝐸𝑆𝐺𝑓

𝐸𝑁
and 𝛼𝑢 = 𝛼

𝜋
(firing angle, in pu) results in:

𝑑(𝑒)
𝑑𝛼𝑢

= −1.35 × 𝜋 × 𝐸𝑝𝑝

𝐸𝑁

× [𝑠𝑖𝑛(𝛼)] (C.14)

From control theory, the converter gain 𝑉𝑠 is presented as a variation modulus
between output variation and input variation:

𝑉𝑠 =
⃒⃒⃒⃒
⃒ 𝑑𝑒

𝑑𝛼𝑢

⃒⃒⃒⃒
⃒ (C.15)

Adopting Equation (C.15), Equation (C.14) can be rewritten as:

𝑉𝑠 = 1.35 × 𝜋 × 𝐸𝑝𝑝

𝐸𝑁

× [𝑠𝑖𝑛(𝛼)] (C.16)

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 𝐼𝑒𝑥𝑐 (excitation
current):

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

∙ 𝐼𝑒𝑥𝑐 ≈ 0.35 A - rated excitation current;

∙ 𝐸𝑝𝑝 (Phase-phase voltage) (ERS, EST, ETR) = 113.50 V phase–phase voltage at
the voltage variator output;
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Figure C.7 – Graetz Bridge with Thyristor and 220 V Grid Voltage

∙ 𝐸𝑁 = 103.74 V - rated voltage at rectifier bridge output.

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

𝑉𝑠 =
⃒⃒⃒⃒
−1.35 × 𝜋 × 113.50

103.74 × 𝑠𝑖𝑛𝛼
⃒⃒⃒⃒

The convertor gain 𝑉𝑠 is then:

𝑉𝑠 = 4.64 × 𝑠𝑖𝑛𝛼 (C.17)

In this kind of control, the 𝛼 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 𝛼 value. Thus, the defined value of 𝛼 was 60 ∘ that result in
𝑉𝑠 equal to:

𝑉𝑠 = 4.64 × 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].

Symmetrical optimization Regulator parameter adjustments
𝜏 ′

𝑖 𝐾𝑝

Symmetrical functions 4𝜎𝜏 ′

𝜏 ′+3𝜎
𝜏 ′

2𝑉𝑠𝜎
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Table C.5 – Optimized Voltage Regulator Parameters

Parameters Proportional-Integral
Voltage regulator optimized gain 𝐾𝑝 = 6.63

Regulator time constant 𝜏 ′
𝑖 = 7.7 𝑚𝑠

Referring to Table C.4, the regulator gain 𝐾𝑝 can be calculated as the following
equation:

𝐾𝑝 = 𝜏 ′

2 × 𝑉𝑠 × 𝜎
(C.18)

𝐾𝑝 = 160 × 10−3

2 × 4.02 × 3.0 × 10−3 = 6.63

Referring again to Table C.4, the voltage regulator time constant, 𝜏 ′
𝑖, is calculated

as in the following equation:

𝜏 ′
𝑖 = 4 × 𝜎 × 𝜏 ′

𝜏 ′ + 3 × 𝜎
(C.19)

𝜏 ′
𝑖 = 4 × 3.0 × 160

160 + 3 × 3.0 × 10−3 = 7.7 𝑚𝑠

Table C.5 summarizes the classification and optimization parameters needed for
the voltage regulator implementation at the workbench.

Considering these results, 𝑅𝑞1 (Proportional branch adjustment resistor of voltage
regulator) and 𝑅𝑀2 (Integral branch adjustment resistor of voltage regulator) 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 𝑅𝑞1 and 𝑅𝑀2 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 𝑅𝑞1 and 𝑅𝑀2 (or 𝛽𝑅𝑀2 (adjustable resistor of integral branch))
adjustments, the parameters previously calculated should be considered, such as gain
𝐾𝑝 and time constant 𝜏 ′

𝑖. Figure C.9 shows the voltage regulator topology that was
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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.

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, 𝐾𝑝. Thus:

𝐾𝑝 = 𝑅𝐹

𝑎 × (𝑅𝑖1 + 𝑅𝑖2)
(C.20)
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Isolating the variable 𝑎 gives:

𝑎 = 𝑅𝐹

𝐾𝑝 × (𝑅𝑖1 + 𝑅𝑖2)
(C.21)

The resistor value to the gain adjustment can be expressed as 𝑅𝑡𝑝 (total resistor
value of proportional branch), 𝑅𝑡𝑝 = 𝑅𝑞1 + 𝑅𝑞2 = 4.8 𝑘Ω. This means:

𝑅𝑎𝑗 = 𝑎 × 𝑅𝑡𝑝 (C.22)

Again, isolating the variable 𝑎 gives:

𝑎 = 𝑅𝑎𝑗

𝑅𝑡𝑝

(C.23)

Matching Equations C.23 and C.21 and isolating 𝑅𝑎𝑗 (adjustment resistance of
voltage regulator) gives:

𝑅𝑎𝑗

𝑅𝑡𝑝

= 𝑅𝐹

𝐾𝑝 × (𝑅𝑖1 + 𝑅𝑖2)
(C.24)

𝑅𝑎𝑗 = 𝑅𝐹 × 𝑅𝑡𝑝

𝐾𝑝 × (𝑅𝑖1 + 𝑅𝑖2)
(C.25)

𝑅𝑎𝑗 = 𝑅𝐹 × (𝑅𝑞1 + 𝑅𝑞2)
𝐾𝑝 × (𝑅𝑖1 + 𝑅𝑖2)

(C.26)

Substituting the values in Equation C.26 gives:

𝑅𝑎𝑗 = 10 × (4.7 + 0.10)
6.63 × (15 + 15) = 241.3 Ω (C.27)

Adopting the gain 𝐾𝑝 as not defined, it is possible to find the limits of 𝐾𝑝 by
changing 𝑅𝑎𝑗 as follows:

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

𝐾𝑝 = 𝑅𝐹 × (𝑅𝑞1 + 𝑅𝑞2)
𝑅𝑎𝑗 × (𝑅𝑖1 + 𝑅𝑖2)

(C.28)

For 𝑅𝑎𝑗=0.10𝑘Ω, the minimum 𝑅𝑎𝑗 value, the 𝐾𝑝𝑚𝑎𝑥 (maximum regulator gain) is:

𝐾𝑝𝑚𝑎𝑥 = 10 × (4.7 + 0.10)
0, 10 × (15 + 15) = 16 (C.29)
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For 𝑅𝑎𝑗=4.8𝑘Ω, the maximum 𝑅𝑎𝑗 value, the 𝐾𝑝𝑚𝑖𝑛 (minimum regulator gain) is:

𝐾𝑝𝑚𝑖𝑛 = 10 × (4.7 + 0.10)
4.8 × (15 + 15) = 0.33 (C.30)

Then, as the defined resistors for the controller, 𝐾𝑝 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 𝜏 ′

𝑖 is:

𝜏 ′
𝑖 = 𝑅𝑡𝑖 × 𝐶𝐹 (C.31)

𝑅𝑡𝑖 = 𝜏 ′
𝑖

𝐶𝐹

(C.32)

Where, 𝑅𝑡𝑖 (total resistor value of integral branch), 𝑅𝑡𝑖 = 𝑅𝑀1 (integral branch
steady resistor of voltage regulator)+ 𝛽𝑅𝑀2, and then:

𝛽𝑅𝑀2 = 𝑅𝑡𝑖 − 𝑅𝑀1 (C.33)

Substituting Equation C.32 in Equation C.33 gives:

𝛽𝑅𝑀2 = 𝜏 ′
𝑖

𝐶𝐹

− 𝑅𝑀1 (C.34)

Then, the adjusted resistor is:

𝛽𝑅𝑀2 = 7.7 × 10−3

8.8 × 10−6 − 0.47 × 103 = 405 Ω (C.35)

C.4 Results
The adjustments of 𝑅𝑎𝑗 and 𝛽𝑅𝑀2 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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Figure C.10 – Voltage Regulator Topology

Table C.6 – Voltage Regulator Adjustments

Gain adjustment resistor 𝑅𝑎𝑗 = 241.3 Ω
Adjusted time constant resistor 𝛽𝑅𝑀2 = 405 Ω

Voltage regulator optimized gain 𝐾𝑝 (regulator gain)= 6.63
Maximum regulator gain 𝐾𝑝𝑚𝑎𝑥= 16
Minimum regulator gain 𝐾𝑝𝑚𝑖𝑛= 0.33
Regulator time constant 𝜏 ′

𝑖= 7.7 ms

Figure C.11 – Voltage Regulator System for Synchronous Machine
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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 j Voltage regulator

k 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 Itajubá, [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:
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Figure D.1 – Full Blocks Diagram of DC Machine

Legend:
𝜏𝑔𝑠1 Filter time constant of the reference channel of the speed loop
𝜏𝑔𝑠2 Filter time constant of the reference channel of the current loop
𝑉𝑅𝑛 Gain of the speed regulator
𝑉𝑅𝑖 Gain of the current regulator
𝜏𝑛 Time constant of the speed regulator
𝜏𝑖 Current regulator time constant
𝜏𝑔𝑛 Filter time constant of the speed transducer
𝜏𝑔𝑖 Filter time constant of the current transducer
𝜏𝑠𝑠 Time constant of the firing circuit
𝑉𝑠 Gain of the static converter
𝜏𝑎 Armature circuit time constant
𝑉𝑖 Gain of machine electric part
𝑉𝑐𝑐 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
speed

No load
speed

Rated
voltage

Armature
resistance (∑︀𝑅𝑎)

1.7 kW 7.72 A 1500 rpm 1770 rpm 220 V 7.0 Ω

Table D.2 – Speed Regulator Parameters

Type Gain
(𝑉𝑅𝑛)

Time
constant (𝜏𝑛)

Reference channel
Filter time

constant (𝜏𝑔𝑠1)

Speed transducer
filter time

constant (𝜏𝑔𝑛)
PI 6.7 460 ms 416 ms 100 ms

Table D.3 – Current Regulator Parameters

Type Gain
(𝑉𝑅𝑖)

Time
constant (𝜏𝑖)

Reference value
filter (𝜏𝑔𝑠2)

Feedback
current filter

(𝜏𝑔𝑖)
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.

Figure D.2 – Implemented Drive System
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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” turns from

negative to positive, the operations occur as shown in quadrants I, II and III. When the
switch S1” turns from positive to negative, the operations occur as shown in quadrants
III, IV and I.

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 S1”’
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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(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.

(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 S1”’ 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”’ 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” S1”’ Converter I S1”’ Converter II
open closed S1” changes from

-15V to +15V
closed open

closed open S1” changes from
+15V to -15V

open closed

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.

Figure D.7 – Control Circuit

When the commutation switch 𝑆1𝐼𝑉 is in position 1, k1 is energized. If 𝑆1𝐼𝑉 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 Ω was inserted in parallel to the motor
field circuit as shown in Figure D.8.
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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.9 – Rotation Inversion using the Armature Current Inversion

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.

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

The Figure E.2 shows the induction motor 𝐼𝑀 equivalent circuit.

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) W1+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 5.0

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 𝑃𝑎𝑣

(attrition and ventilation losses). In this case 𝑃𝑎𝑣 is 3 W as demonstrated in the Figure
E.3.

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

∙ Magnetization Current

Note:

𝐼𝑚 (Magnetization Current)

𝐼𝑚= 1.35 A as shown in Table E.1.
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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

W1 (W) W2 (W) V (V) In (A) W1+W2 (W)
20 65 39.34 1.80 85

∙ 𝐼𝑛

𝐼𝑛 = 𝑃√
3 × 𝑉𝑝𝑝 × 𝑐𝑜𝑠𝜑 × 𝜂

(E.1)

𝐼𝑛 = 370√
3 × 220 × 0.71 × 0.76

(E.2)

Note:
𝜂: 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)



APPENDIX E. Induction Motor Parameters 154

Figure E.5 – Equivalent Circuit Locked Rotor Test

Table E.3 – Average Resistance

𝑅𝐴𝐴′ 𝑅𝐵𝐵′ 𝑅𝐶𝐶 ′

10.03 10.30 10.16

𝑅𝑚 = 10.03 + 10.3 + 10.16
3 = 10.16 Ω (E.3)

∙ 𝑟1 (Stator winding resistance) Calculus

Follow the calculus memory of stator winding resistor 𝑟1.

Figure E.6 – IM Winding Connection

𝑅𝑚 = 𝑟𝑑 × 2𝑟𝑑

3𝑟𝑑
(E.4)

𝑅𝑚 = 2
3𝑟𝑑 (E.5)

𝑟𝑑 = 3
2𝑅𝑚 (E.6)
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𝐴𝑠 𝑟𝑦 = 1
3𝑟𝑑 (E.7)

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

𝑟𝑦 = 𝑅𝑚

2 = 10.16
2

𝑟𝑦 = 𝑟1 = 5.08 Ω (E.8)

∙ 𝑟2’ (Rotor winding resistance referred to stator winding) Calculus

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

𝑊1 + 𝑊2 = 3 × (𝑟1 + 𝑟2′) × 𝑖𝑛2 (E.9)

85
3 × 1.82 = 5.08 + 𝑟2′

𝑟2′ = 3.66 Ω (E.10)

∙ 𝑄 (Reactive power)

𝑄 =
√

3 × (𝑊2 − 𝑊1) (E.11)

From Table E.2, W2-W1=45

𝑄 =
√

3 × (65 − 20) = 77.94 𝑉 𝑎𝑟 (E.12)

𝑄 = 3 × (𝑥1 + 𝑥2′) × 𝐼𝑛2 (E.13)

∙ 𝑥1 (Stator winding reactance) and 𝑥2’ (Rotor winding reactance referred to stator
winding)

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

77.94 = 3 × (𝑥1 + 𝑥2′) × 1.82 (E.14)



APPENDIX E. Induction Motor Parameters 156

(𝑥1 + 𝑥2′) = 8.01 Ω (E.15)

⎡⎣𝑥1 ↦→ 𝑥2′

𝑟1 ↦→ 𝑟2′

⎤⎦ (E.16)

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

⎡⎣ 𝑥1 ↦→ 𝑥2′

5.08 ↦→ 3.66

⎤⎦

𝑥1 = 𝑟1 × 𝑥2′

𝑟2 (E.17)

𝑥1 = 5.08 × 𝑥2′

3.66 (E.18)

From (E.15) and (E.18), result in

5.08 × 𝑥2′ + 𝑥2′ × 3.66 = 29.32 (E.19)

𝑥2′ × 8.74 = 29.32 (E.20)

𝑥2′ = 3.35 Ω (E.21)

doing (E.21) in (E.18), result in

𝑥1 = 5.08 × 3.35
3.66 (E.22)

𝑥1 = 4.65 Ω (E.23)

E.3 Power and Losses Calculus
The 𝑃𝑎𝑣 was defined in Figure E.3 and consist in 3 W. 𝑃𝑛𝑙 (No load losses) is

obtained from no load test for 220 V, it resulted in 70 W (W1 +W2).

∙ 𝑃𝑗𝑠𝑡𝑎𝑡𝑜𝑟 (No Load Stator Joules Losses)
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𝑃𝑗𝑠𝑡𝑎𝑡𝑜𝑟26∘ = 3 × 𝑟1 × 𝑖𝑚2 (E.24)

𝑃𝑗𝑠𝑡𝑎𝑡𝑜𝑟26∘ = 3 × 5.08 × 1.352 (E.25)

𝑃𝑗𝑠𝑡𝑎𝑡𝑜𝑟26∘ = 27.77 𝑊 (E.26)

∙ 𝑃ℎ𝑓 (hysteresis and Foucault losses)

𝑃ℎ𝑓 = (𝑊1 + 𝑊2) − 3 × 𝑟1 × 𝑖𝑚2 − 𝑃𝑎𝑣 (E.27)

𝑃ℎ𝑓 = 70 − 3 × 5.08 × 1.352 − 3 (E.28)

𝑃ℎ𝑓 = 39.23 𝑊 (E.29)

E.3.1 No Load Reactive Power

𝑄0 =
√

3 × (𝑊2 − 𝑊1) (E.30)

From Table E.1, W2-W1=270 W

𝑄0 =
√

3 × 270 𝑉 𝑎𝑟

𝑄0 = 467.65 𝑉 𝑎𝑟 (E.31)

E.3.2 Magnetization Branch

∙ 𝑄𝑚 (No load Reactive Power in Magnetization Branch)

𝑄𝑚 = 𝑄0 − 3 × 𝑥1 × 𝐼2
0 (E.32)

𝑄𝑚 = 467.65 − 3 × 4.65 × 1.352 (E.33)

𝑄𝑚 = 442.23𝑉 𝑎𝑟 (E.34)
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∙ Θ0 (Magnetization Branch Power Factor Angle)

Figure E.7 – Magnetization branch power factor

Θ0 = arctan 442.23
39.23 (E.35)

Θ0 = 84.93∘ (E.36)

∙ 𝐼𝑟𝑚 (Magnetization branch current across resistance)

𝐼𝑟𝑚 = 𝐼𝑚 × 𝑐𝑜𝑠Θ0 (E.37)

𝐼𝑟𝑚 = 1.35 × 𝑐𝑜𝑠 84.93 (E.38)

𝐼𝑟𝑚 = 0.1193 𝐴 (E.39)

∙ 𝐼𝑥𝑚 (Magnetization branch current across inductor)

𝐼𝑥𝑚 = 𝐼𝑚 × 𝑠𝑖𝑛Θ0 (E.40)

𝐼𝑥𝑚 = 1.35 × 𝑠𝑖𝑛84.93 (E.41)

𝐼𝑥𝑚 = 1.34 𝐴 (E.42)

∙ 𝑟𝑚 (Magnetization branch resistance)
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𝑟𝑚 = 𝑃ℎ𝑓

3 × 𝐼2
𝑟𝑚

(E.43)

𝑟𝑚 = 39.23
3 × 0.11932 (E.44)

𝑟𝑚 = 918.79 Ω (E.45)

∙ 𝑥𝑚 (Magnetization branch reactance)

𝑥𝑚 = 𝑄𝑚

3 × 𝐼2
𝑥𝑚

(E.46)

𝑥𝑚 = 442.23
3 × 1.342 (E.47)

𝑥𝑚 = 82.10 Ω (E.48)

E.4 Parameters of Induction Motor
Figure E.8 shows all 𝐼𝑀 parameters calculated as resistors, reactance and currents

as data obtained during experiment, without temperature correction because the motor
operated no load.

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, 𝑃𝑤𝑖𝑛 (Winding losses) 40∘C, and total losses, 𝑃𝑡𝑙 (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].

∙ 𝐾𝑡 (Temperature correction factor for 40 degree C )

𝐾𝑡 40∘𝐶 = 234.5 + 40
234.5 + 26 (E.49)

𝐾𝑡 40∘𝐶 = 1.054 𝑓𝑜𝑟 𝑟1 𝑎𝑛𝑑 𝑟′
2 (E.50)

∙ 𝑟140𝐶 (Corrected stator winding resistance for 40 degree C )

𝑟1 40∘𝐶 = 𝑟1 26∘ × 1.054 (E.51)

𝑟1 40∘𝐶 = 5.08 × 1.054 (E.52)

𝑟1 40∘𝐶 = 5.35 Ω (E.53)

∙ 𝑟′
240𝐶 (Corrected rotor winding resistance referred to stator for 40 degree C )

𝑟′
2 40∘𝐶 = 𝑟2 26∘ × 1.054 (E.54)

𝑟′
2 40∘𝐶 = 3.66 × 1.054 (E.55)

𝑟′
2 40∘𝐶 = 3.86 Ω (E.56)

E.6 Corrected Winding Losses for 40 ∘C and Total Losses

∙ 𝑃𝑤𝑖𝑛40𝐶 (Corrected winding losses for 40 degree C )
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The 𝑃𝑤𝑖𝑛 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 × 𝑃𝑤𝑖𝑛26∘𝐶 (E.57)

𝑃𝑤𝑖𝑛 40∘𝐶 = 1.054 × 85 𝑊 (E.58)

𝑃𝑤𝑖𝑛 40∘𝐶 = 89.59 𝑊 (E.59)

∙ 𝑃𝑡𝑙 (Total losses)

The 𝑃𝑡𝑙 calculus:

𝑃𝑡𝑙 = 𝑃ℎ𝑓 + 𝑃𝑎𝑣 + 𝑃𝑤𝑖𝑛40∘𝐶 (E.60)

𝑃𝑡𝑙 = 39.23 𝑊 + 3 𝑊 + 89.59 𝑊 (E.61)

𝑃𝑡𝑙 = 131.82 𝑊 (E.62)

E.7 Motor Efficiency Estimate

∙ 𝑃𝑜𝑢𝑡 (Motor output power)

∙ 𝑃𝑖𝑛 (Motor input power)

Note: (Motor data plate is shown in Table 1.8)

𝜂 = 𝑃𝑜𝑢𝑡

𝑃𝑖𝑛

(E.63)

𝑃𝑖𝑛 = 𝑃𝑜𝑢𝑡 + 𝑃𝑡𝑙 (E.64)

𝑃𝑖𝑛 = 370 + 131.82 𝑊 (E.65)

𝑃𝑖𝑛 = 501.82 𝑊 (E.66)
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𝜂 = 370
501.82 (E.67)

𝜂 = 73.73 % (E.68)

E.8 Induction Motor Currents
Follow the calculus of 𝐼𝑑𝑤𝑀𝑇 and 𝐼𝑤𝑀𝑇 . These values are shown in Table 1.10 for

all scenarios tested.

∙ 𝐼𝑑𝑤𝑀𝑇

𝑄 =
√

3 × 220 × 𝐼𝑑𝑤𝑀𝑇 =
√

3 × (𝑊2 − 𝑊1) (E.69)

𝑄 =
√

3 × 220 × 𝐼𝑑𝑤𝑀𝑇 = 467.65 (E.70)

𝐼𝑑𝑤𝑀𝑇 = 1.23 𝐴 * * (E.71)

Note **: The difference between 𝐼𝑑𝑤𝑀𝑇 and 𝐼𝑥𝑚 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.

∙ 𝐼𝑤𝑀𝑇

𝑃 = (𝑊1 + 𝑊2) = 70.0 𝑊 (E.72)

𝑄 =
√

3 × (𝑊2 − 𝑊1) = 467.6 𝑊 (E.73)

𝑆 =
√

70.02 + 467.62 = 472.86 𝑉 𝐴 (E.74)

𝑐𝑜𝑠𝜑 = 𝑃

𝑆
= 70

472.86 (E.75)
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𝑐𝑜𝑠𝜑 = 0.148 (E.76)

𝐼𝑤𝑀𝑇 = 𝐼0 × 𝑐𝑜𝑠𝜑 = 1.35 × 0.148 (E.77)

𝐼𝑤𝑀𝑇 = 0.20 𝐴 (E.78)

In Figure E.9 is shown the resistor banks current and the no load 𝐼𝑀 current.

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
𝐼𝑤𝑆𝐺, 𝐼𝑐1, 𝐼𝑤𝐼𝐺, 𝐼𝑐2.

𝐼2
𝑆𝐺 = 𝐼𝑤2

𝑆𝐺 + 𝐼2
𝑐1 (F.1)

𝐼2
𝐼𝐺 = 𝐼𝑤2

𝐼𝐺 + 𝐼2
𝑐2 (F.2)

𝐼𝑐 = 𝐼𝑐1 + 𝐼𝑐2 (F.3)

𝐼𝑤𝑙𝑜𝑎𝑑𝑅 = 𝐼𝑤𝑆𝐺 + 𝐼𝑤𝐼𝐺 (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
𝐼𝑤𝑆𝐺, 𝐼𝑐1, 𝐼𝑤𝐼𝐺, 𝐼𝑐2. The currents 𝐼𝑑𝑤𝑀𝑇 and 𝐼𝑤𝑀𝑇 are given values and these were
calculated as appendix E.

𝐼2
𝑆𝐺 = 𝐼𝑤2

𝑆𝐺 + 𝐼2
𝑐1 (F.5)
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𝐼2
𝐼𝐺 = 𝐼𝑤2

𝐼𝐺 + 𝐼2
𝑐2 (F.6)

𝐼𝑐 − 𝐼𝑑𝑤𝑀𝑇 = 𝐼𝑐1 + 𝐼𝑐2 (F.7)

𝐼𝑤𝑙𝑜𝑎𝑑𝑅 + 𝐼𝑤𝑀𝑇 = 𝐼𝑤𝑆𝐺 + 𝐼𝑤𝐼𝐺 (F.8)

F.2.3 Power and Efficiencies

From the results of previous equations, the power of 𝑃𝑆𝐺, 𝑃𝐼𝐺, 𝑃𝐷𝐶𝑀𝑆𝐺, 𝑃𝐷𝐶𝑀𝐼𝐺

and the efficiencies 𝜂𝑔𝑟𝑜𝑢𝑝, 𝜂𝑆𝐺, 𝜂𝐼𝐺 were calculated as equations below.

𝑃𝑆𝐺 =
√

3 × 𝑉𝑆𝐺 × 𝐼𝑤𝑆𝐺 (F.9)

𝑃𝐼𝐺 =
√

3 × 𝑉𝐼𝐺 × 𝐼𝑤𝐼𝐺 (F.10)

𝑃𝐷𝐶𝑀𝑆𝐺 = 𝑉 𝑎𝐷𝐶𝑀𝑆𝐺 × 𝐼𝑎𝐷𝐶𝑀𝑆𝐺 (F.11)

𝑃𝐷𝐶𝑀𝐼𝐺 = 𝑉 𝑎𝐷𝐶𝑀𝐼𝐺 × 𝐼𝑎𝐷𝐶𝑀𝐼𝐺 (F.12)

𝜂𝑔𝑟𝑜𝑢𝑝% = 𝑃𝑆𝐺 + 𝑃𝐼𝐺

𝑃𝐷𝐶𝑀𝑆𝐺 + 𝑃𝐷𝐶𝑀𝐼𝐺

× 100 (F.13)

𝜂𝑆𝐺% = 𝑃𝑆𝐺

𝑃𝐷𝐶𝑀𝑆𝐺

× 100 (F.14)

𝜂𝐼𝐺% = 𝑃𝐼𝐺

𝑃𝐷𝐶𝑀𝐼𝐺

× 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 𝐼𝑤𝑆𝐺, 𝐼𝑐1, 𝐼𝑤𝐼𝐺,
𝐼𝑐2 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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∙ Scenario 1B as Table 1.9, column 1.

Figure F.1 – Scenario 1B

∙ Scenario 2B as Table 1.9, column 2.

Figure F.2 – Scenario 2B

∙ 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 𝐼𝑤𝑆𝐺, 𝐼𝑐1,
𝐼𝑤𝐼𝐺, 𝐼𝑐2 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.

∙ Scenario 1C as Table 1.10, column 1.
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Figure F.3 – Scenario 3B

Figure F.4 – Scenario 1C

∙ Scenario 2C as Table 1.10, column 2.

Figure F.5 – Scenario 2C
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∙ Scenario 3C as Table 1.10, column 3.

Figure F.6 – Scenario 3C
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