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Terms of Reference

This thesis was supervised by Mr. M.Malengret, senior lecturer at the department
of electrical engineering at the University of Cape-Town. The scope and

objectives of the work are:

a) To study and conduct a literature survey on the theory of three-phase
unbalanced voltages including causes and long-term effects on loads.

b) To further develop the above theory for the specific case of extreme voltage
unbalance. This would be in the complete absence of two phases, which
would lead to conversion of a single to three-phase supply.

¢) To apply the above theory to a small 3-phase centrifugal pump fed by a
single-phase supply.

d) To include modern techniques of 3-phase load parameter measurement such
as conductance and succeptances.

e) To develop a solution for the above, based on passive elements.

f) To design and construct a general adaptive controller suitable for
centrifugal pumps.

g) To provide simulated and experimental results for the above objectives.



Synopsis

The main objective of this thesis is to investigate the possible methods of
converting a single-phase supply to a three-phase balanced voltage, using passive
elements. Three distinct methodologies have been developed, each with its own
merits and constructed prototypes. The seven chapters of this thesis contain large
amount of non-real time and real-time simulated results. These results were then

compared with the experimental results.

In chapter one, a brief review of past and presently available single to three-phase
technology is presented. The methods of operation, some advantages and

disadvantages and finally some prices have been included.

Chapter 2 starts with the theory behind voltage asymmetry. The conditions for
voltage balancing in terms of load parameters are deduced. After confirmation of
the theory using simulations, several techniques for producing variable shunt
succeptances have been explored, among which the old saturable reactor has been
paid particular attention to. For each case, expeﬁmental results in the form of
oscilloscope captured waveforms and/or graphs, have been shown. In all of the
above methods, harmonic distortion is a critical issue and therefore it has been

meticulously investigated.



Chapter 3 describes the construction of the proposed converter for a small
centrifugal pump. Feedback control strategy with two voltages and two current
feed back loops were used. After the tests and with better understanding on the
effect of the loads characteristics on the controller, it was realized that in such

application a simpler method could be adapted. A simple solution is offered.

Chapter 4 focuses on a general simulation technique for the measurement of load
parameters and the corresponding size and nature of passive elements required to

establish and maintain a three-phase balanced voltage across a variable load.

Chapter 5 deals with prototyping an adaptive converter. The converter is built with
discrete components and is capable of dynamically monitoring the load parameters
such as average active and reactive power, conductance, and succeptance. It
finally generates two DC voltages proportional to the size of the passive elements
required by the converter. The prototype has been tested with a variety of loads. A
comprehensive set of experimental values for each type of load has been
presented. The results obtained from the adaptive converter compare well with

those using standard RMS equipment.

Chapter 6 explores a completely different approach to the problem of modeling
and prototyping. This method is known as “Model-based Design”. In the absence
of the necessary instruments and other hardware, the Real-Time Simulation has
proved extremely effective. In the low frequency applications such as supply
harmonic analysis, exact duplicates of the supply voltage or currents have been
imported into the Matlab powerful simulation environment. A variety of Fourier
analysis and other mathematical manipulations have then been done successfully.

In the author’s opinion, this is the ultimate prototyping technique and a true eye-



opener in the field of design and analysis. Various software such as Mat-lab,
Circuit-Maker, Mathematica and Excel have been utilized. All designs and

captured results are the author’s own work.
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Chapter 1

Introduction

In the past 30 years, sufficient evidence has emerged that electrification of remote
areas is done more economically using single-phase supply. This is mainly due to
the high cost of three-phase power distribution such as power lines, transformers,
breakers, and other accessories involved. For example the costs quoted by
ESKOM (East-London)[13] for 132 kV lines using steel poles and aluminum
conductors with steel-reinforcement range from R270, 000 to R300, 000/Km. At
22 kV these costs are reduced to R75, 000. In most cases the end-user power

requirement does not justify the installation costs.

Two scenarios can be considered. Case one would be the possibility of converting
the supply voltage from single phase to a three-phase at the output of any single-
phase distribution transformer. A two or three variable shunt passive-element
converter could provide a balanced three-phase supply. The value of each one of
such passive elements depends on the load impedance per 'phase and the only
practical way of measuring the load impedance in real time is by using the line
currents and voltages. The difficulty in maintaining such balance in the supply
would then arise due to the fact that a combination of single and three-phase loads
feeding from such transformer is hardly ever balanced. The accurate modeling of
these loads through continuous measurement of the line currents and voltages has

so far been mathematically impossible.
g W



Second scenario is the allocation of a single to three-phase converter to individual
three-phase loads. Today, there are many applications in rural areas, local
industries, and domestic appliances where a three-phase induction motor would be
a much better choice than a single-phase motor. Unavailability of three-phase
power forces the consumer to use his load with a single-phase driving motor.
Typical applications are bakeriez woodworking, small machine shops, centrifugal
swimming-pool pumps, and general water pumping, all of which would work far
more efficiently using three-phase driving motors. It is common knowledge that
torque, efficiency, durability, and general performance of three-phase motors are

by far superior to single-phase motors.

The conversion of a single to three-phase voltage through different approaches has
been available for a long time. For a user with requirements such as speed control,
acceleration and deceleration tinie adjustment and other features in mind,
converters with micro-controllers or DSPs as brain” and fast switches such as
IGBTs as “muscles”, are available at a high price. However, for a simple
application such as a centrifugal pump with the torque characteristics of (Toc N?),
the demanded torque from the driving motor is usually either for no-load or full-
load conditions. Therefore, there is hardly any need for the facilities offered by the
modern converters. A simple robust and affordable solution to the single to three-

phase conversion would be of great advantage.

In view of the above, the objectives of this thesis are to, primarily design a simple
two-element converter specifically for a centrifugal pump of a specific kW rating
and then construct a more general controller for pumps and other applications.

Furthermore, it is intended to ensure that from the supply power point of view, the



injected pollution (harmonics) gencrated by such converter is kept to a minimum

and compliance with the national standards is adhered to.

Literature review

Prior to the commercialization of the solid-state semi-conducting devices around
1975, the conventional methods for the conversion of a single-phase to three-phase
voltage were the usc of rotary converter or autotransformer converters, A brief

review of each method 1s presented.

Rotary Converters

The construction of a rotary converter is similar 1o that of a three-phase motor.
The three-phase stator winding receives line and ueutral between two sets of
windings. Additional capacitor is connecied across the line and the third set of
winding. This introduces a phase shift and hence a starting torque 1s generated. As
the rotor rotates, the emf induced in each rator coil sets up a field which induces a
voltage in the stator winding with 120° phase shift.

The magnitude of the output voltage is limited to the nput line to neutral voltage

and so it is similar to the static capacitor converter. Phase currents are much less

load dependent and hence multi-motor operation is possible.

A

b HEE #
b A e
B R R e

Fig:1.1 Rotary Converier



Static Capacitor Converters

These converters use the 96° phase shift introduced by the capacitor to set up a
second magnetic field which interacts with the main field and hence initiates a
starting and running torque. Their main drawbacks are:
¢ The size of the capacitor used is selected mn proportion to the current drawn
by the load and hence the mechanical load driven by the motor, This is why
thesc converters are not suitable for motors above 1.0 KW. In particular, a
motor with variable load will never reach a balanced situation. The smaller
motors make use of a starting capacitor, which is disconnected by a
centrifugal switch once the motor has reached 1ts rated speed.
« The ouiput line-line voltage cannot exceed the input line to ncutral value
and hence only the three-phase 240 Volts line-line induction motors can use

this type of converter.

Start- and run capacitors

ET,——{ ——— T3
L]®

® 1]
SElpEhase %KAHIGUBHSfDHHer Three-phase

[nput output
®12

Fig: 1.2 Static capucitor converter



Recent Developments

One of the [frst attempts to design and construct a two element single to three-
phase converter using passive elements was by S.B Dewan|1]. He used phase
control and back-to-back thyristors 1o control the effective value of the converter

Teactances.

Fig: 1.3 Single to three-phase converter nsing phase control

A disadvantages ol this method is that the design specifications are for star
connected slatic loads only. The design also assumes that the first passive element

(L4}, is always inductive. This is not always true.

The next converter of interest and commercially supplied ol this kind was by
P.G.Holmes[2]. His method of varying the passive elements of the converter is
similar to that of Dewan with the difference that the load can be connected in
delta, which is the case for majority of three-phase induction motors.

The converter is capable of running multiple loads in parallel, taking into account
the starting inrush currents. The only disadvantage is that assessing the load
parameters and generation of driving signals for the thyrstiors back-lo-back and

the chopper transistor (Q),, 15 achicved through direct slip measurement. For a



single or a group of motors situated far from each other, each motor would have to
be equipped wilh a laco-generator or a shaft encoder which would prove complex

and costly.

Fig: 1.4 Single to throe-phase ennverter using direct slip measurcment

Solid-State digital converters

With the advancement of Semié'cunductirlg devices, commercial converters using
various power clectronic topologics arc available and can make various kinds of
vollage conversion, including single to threc-phase conversion possible. The
technigues primarily involve rectifying the input AC wveltage and then using
different switching methods, half or tull-bridec inverters arc used to convert the
rectified voliage o a single or three-phase AC out put voltage. Follewing arc some

of the widely used schemes.

Three-phase full bridge inverters

These inverters like their single-phase counterparts work in switch-mode operation

and are applicable to Lhree-phase motors and UPS systemns. In the case of AC



induction motors, the objeet is to generate an oulput AC voltage., which is
controllable in magnitude and [requency with a fixed ratio between them. Three-
phase motor's cfficicney is highly improved using this feature. Depending on the
design of the converter and the application, one, two or four quadrant operation is
possible. Two types of three-phase inverters arc voltage-source and current source
inverters. The former is used with small and medium size motors whereas the
latter is more suitable for large size AC drives.

Sinusoidal pulse  width modulation (SPWM) inverters use uncontrolled
rectification lor AC-DC conversion. The bus voltage is then switched through a
full three-phase “H” bridge to the load. The switching signals arc provided by
micro-controllers or DSP’s. which facilitate a manual or automatic change ol
frequency ratio and modulation index in order to change the frequency as well as

the rims value of the output voliages.

Fig: 1.5 IGBT inverter

Due 1o non-sinusoidal nature of the current drawn by Lhe rectificr, these inverters
work at low power factors and hence demand high currents from the utility. With
the new standards on minimum harmonics set by ANSI, NEMA and ICE being

enforced, active curreni shaping or sufficient filiering ar the input has become a



nccessity.  Some of the new drives, shown in fig: 1.6, have the additional boost

swilch and a blocking diede.

Fig: 1.6 Inverter with current shaping rectifier

Among various other techniques of single to three-phase conversion, siandard
power configuration is the IGBT, PWM rectifier/inverter system. In this system,
the reclilying section of the converter is a two-pulse conirolled rectifier. which
feeds the bus voliage and then the inversion takes place. The control system is

more complex which naturally adds to the cost. See fig: 1.7,

Fig: 1.7 IGBT inverter with PWM reclifierfinverter



Resonant Converters

In swilch mode converters, the component used as switch is subjected o high
switching stress that increases lingarly with the frequency of the PWM. This mode
of operation also gencrates EMI caused by large difdt and dv/dt at the instant of
swilching. To minimize these problems, a varicty of resonant converter topologics
have been introduced. The common denominator for all the topologies and
switching stratcgics is based on some form of LC resonance with zero voltage
and/or zero current switching facility. Mohan[3] catcgorizes these converters into
four groups;

a) Load-rcsonant conyerters,

b) Resonant-switch converters,

¢) Resonanl-de-link converters,

d) High-frequency-link integral-half-cycle converters.
Hach of the above converters has it's own merits and forms a scparate case of
study.
In gencral the choice belween the above modern converters and passive element
converters should depend on the following factors,

a) the size of the motor in usc,

b) thc nature of load, its operating condilions and the torque-slip

charactcristics,

c) the ¢xtra features required from the converter.
Clearly, one would have o pay for exira features olfered by modem converters.
Some suppliers have quoted R2100.0 for 0.55 kW and R2500.0 for 1.1kW rating
drives. It will be shown in this thesis that, for large number of applicalions, the

alternative two-elcment passive converters will be far more cost effective.



Chapter 2

2.1 Compensation and unbalance voltages

[n electrical power enginecring. “Compensation™ is defined and applied to two
types of practical problems, The [irst is the load compensation where the
requirements are usually to cancel or minimize the reactive power demand of large
and lluctualing industrial loads, such as eleciric arc furnaces and rolling mills, ete
and to balance the real power drawn from the supply lines. The best localion for
such compensators is at the load terminals.

The second lype of compensation relates to voltage regulation of transmission
lines at a given terminal with strong possibility of changes in load conditions,.
which pormally causes voltage level to change up to 15% of the nominal values.
In praciice, static shuni capacitors and reaclors are switched in, to compensate for
such under-voltage or over-voltage lines.

By definition, voltage unbalance is a measure of the differences between phase-
phase voltages or the disptacement angle between phases, or both.

Voliage unbalance is represcoted as the relationship between the positive and

negative sequence set of voltages. By IEC definition:

_ Negaiive Phase Sequence Voltages

UB *1005% (Eq:2.1.1)

Positive Phasc Sequence Voltages

IB = ’l_— g0l (Eq:2.1.2)
Vi+ 3-6p
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Viy +V'ive +V i

where [ = : (Eq:2.1.3)
‘h,r ry +Vive + Viar
Bearing 1n mind that:
- 1
Positive phase sequence w3 (Vpy +a Vg +a' Vi) {Eg:2.1.4)
Negative phase sequence =%( Vay +2 Vg +aV, ) (Eq:2.1.3)
Zero phase sequence =%(Vm +Vyg + Vi ) (Eq:2.1.6)

Where "a” operator is 1 £120°.

The main cause of voltage asymmelry is the uneven distribution of the single-
phase loads m conjunclion with the impedance of the transmission lincs, A
complete compensation in term of the symmctrical line current componenis should
then include:
a) Elimination of the negative-scquence current components, for voltage
balancing,
b) Elimination or minimization of the reactive part of the positive-

sequence component, for power factor compensation.

Voltage unbalance shows itself most often in the premature burnout of the 3-phase
cleetric motors. Most manufacturers specify 2 maximum voltage unbalance of 2%,
which is the figure allowed under NRS (48, for a three-phase system. This is

relaxed to 3% in areas where the majority of the loads are single phase.
Fig: 2.1.1 shows a Rcal-Timc Simulation model for the measurement of the

positive and negative-sequence components of the voltages or currents in a 3-

phasc system. This model will be discussed and vscd in chapter 6.

11



An important observation is that the condition specified in Eq; 2.1.10 does not
imply Lhal the actual value of the load phase admillances have 1o be necessarly Lhe
same. 1t simply implies that for a three-phase balanced voltage to supply a

halanced currenl, the vector sum of the load admiltances must be zero.

=

¥(RY) YY)

Y{RE:

Fig: 2.1.2 Delta connected admittances representing a three-phase load

If the veclor sum of the load admittances is not zero, then the load is unbalanced.
Addition of at least two parallel admittances (Y and Yeo), with two phases of the

load can restore the balance. Fig: 2.1.3 shows the balancing effect.

""/ Yo

HYE

Fip: 2.1.3 Phasor diagram for halancing load admittances
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From a three-phase balanced load point of view, provided there is a particular
relationship between the load conductance and succeptance, the supply can be
“seen” as symmetrical. This can be proved as follows.

In Eq: 2.1.10, if two of the admittances are selected and resolved to their real and

imaginarily components,

. 1 .43 .
G, +]B, =(-5+J\/—2_')-(G2 +jB,) (Eq:2.1.11)
equating the real parts:
G = ——;—G, -%Bz
(Eq:2.1.12)
B == 2G, -G,
B
equating the imaginary parts:
B1=§G2—%B2 (Eq: 2.1.13)
combining Eq:2.12 and 2.13,
2G,+G
B =—— :2.1.14
1 3 (Eq )

For a balanced load such as a three-phase induction motor: G =G, =G, =G,.

Hence equations 2.1.12 and 2.1.14 can be simplified to:

14



B, =+/3G
(Eq:2.1.15)
Bz - '_‘\/-3_G
The above equations are the conditions for a 3-phase balanced load to be seen
balanced at the terminals.

Therefore the required succeptances of a two-element converter can be calculated

to be,
B, =+J3G-B
ol : (Eq:2.1.16)
B,=-V3G-B,
where B = B, = B, are the load phase succeptances.
Converting G and B to the equivalent resistance and reactance values:
R X
B, =+jV3 +] 2.1.17
Ba =+ i ) (Eq:2.1.17)
R X
B, =—jV3 +] 2.1.18
c2 J (R2 +X2) J(Rz +X2) (Eq )
Finally, equations 2.1.17 and 2.1.18 can be summarized to:
V3R +X
= J(m——— :2.1.19
cl J(R2 +X2 (Eq )
3R +X
B . = i :2.1.20
2 =J( 2232 ) (Eq )

15



It can be seen from Eq:2.1.20 that as long as the term (-V3R+X) is negative,
B, remains inductive. However, once the term’s value is positive, B¢, will change

sign and therefore becomes capacitive.

The change of sign occurs at X = V3R, which indicates,
.. -1,X
Cos 6 =Cos [tan (ﬁ)] =0.5 (Eq:2.1.21)

In general it can be summarized that with the load power factor of 0.5 or less, both
converter branches will be capacitive elements.
Next section is an investigation in to a three-phase swimming-pool pump running

from a single-phase supply.

16



2.2 Three-phase water pump

In order to test the principle established previously. a small water pump was used.
The whole systern comsists of a tank, 2 no-return valve, flow meter and a
centrifugal pump driven by a three-phase squirrel cage induction motor, The
ralings of the driving motor are:

V = 230/380 V (dclta/star), = 33/1.9 A, P=750W,

N, = 2810 rpm, Ng = 3000 rpm, 5 =633%

The starting point for the assessment of the squirrcl-cage motor used with the
pump is to cstablish an equivalent circyit diagram. The YEEE recommended circuit

diagram is shown in fig: 2.2.1.

i .‘,.,.u. v 3% ; 6.1

fig; :'2.1.1 Ind.un:tiun mor él‘llli‘;n;ii.llxlt‘,.nt.{‘.il";llli.t. ;:Iiag-rarln remmmanded 'hy TEEE

The letters R and X have their normal meanings where the subscripts | and 2 refer
(o the stator and rotor windings respectively,

Standard no-load and locked-rotor test is used 1o calculale the values ol the
components [or the above circuil diagram, These values are,

Viphase = 2300V, L=3.10A, P=9800W

Ri=R.0612, Xiy=T. 152, Kae=198.65 £,

XEU’&T}: ?? Elﬁ Rgfrefy'fS e 94;5

17



B .X,Z (iohm s

The equivalent circuit diagram can be further reduced to an cquation representing
the impedance/phase of the motor as a [unction of slip.

152965 + j1867.3
Ziphase = . 186477 (Eq: 2.2.1)
9.4 + j206.45

[t is interesting 1o see how theoretically the motor paramelers vary with the speed.

The resulls are plotled in fig: 2.2.2.

£ - 1 = a
1 rar irr

o l!rt.ﬁ . !I:‘:I
Spesad {(rpm}

Fig: 2.2.2 Vuriation of motor purumeters/phasc with speed

The values of the motor paramelers seem lo change very slowly up o about 2000
rpm and then change rapidly at speeds closce to rated speed. These curves resemble
the torque/siip characteristics of the pump { Tee N ).

In the situalion where the full physical load is available, perhaps a more accurate
way is 1o measure the currenl, voitage and the power per phase at no-load and full-
load conditions and calculate the exacl values ol molor paramelers for both

conditions. Changes of parameters due (& lemperature rise are ignored.
The measurements lecad lo two secls of vahlies for the motor paramcters, Fig:

2.2 3(a) and (b), show the cquivalent circuit diagrams for start-up and [ull-load

conditions.

18



(a) {b)

Fig: 2.2.3 Equivalent circuit diagram for start-up and full-load conditions

These values are then used to determine the range ol values lor passive converter

elements.

Using the inverted version of Eq: 2.1.1 9 and 2. 1.20,

(2, 2
1..':_7:_%
¢ ﬁRH{)
2
R 24+x, 2
el

J_R+x

(Eq: 2.2.2}
)=+l —2—

R.and X, refer o the motor reaclance and resistance per phase. With the full load
speed of 2854 rpm. the range of motor slip is from | 1o 4.87%. Therelore, the
converter element values have 1o change according Lo the above range of motor
slip. A Matlab program shows ihe following variation of converter capacitive

element [appendix 1.1].
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Fig: 2.2.4 Yariation of converter capacitive element with speed
Taking the inertia of the motor-pump in to account, the above variation can be
assumed to be approximately inversely linear. The range of converter capacitance

is 250 uF at start up down to 40 uF at {ull-load.

The variation of the converter inductive clement with specd is quite different and
somehow awlkward o analyze. Fig: 2.2.5 shows that lor a wide range of slip, the
inductance of the converter remains almost constant and closer to the rated speed,

it rises sharply to a maximum value of 3.0 Henry,

A e L 2 5 A o B S O e

Fig: 2.1.5 Variation of converter inductive element with speed
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For the range ol speed, a converter inductance (rom 118 10 533 mH is required to

keep a balanced supply voltage across the motor. The first set of simulated values

for the motor parameters and the converter succeptances are shown in fig: 2.2.6.

Fig: 2.2.6 Simulated values for the motor und converter elements ut startup

The simalated current waveforms are shown in fig: 2.2.7.

Fig: 2.2.7 Simuylated load terminal voltages at start up

The full-load values can also be examined. The simulaled values and waveforms
ate shown in fig: 2.2.8 and 2.2.9.



Fig: 2.2.8 Simulated values for the motor and EMYHE&T.{]E@:MW-]DM

Fig: 2.2.9 Simnlated load terminal voltages at full-load
With the range of converter elements f[or baluncing the terminal voltages

estublished, the next chapter will investigate varivus methods of producing

variable sources of succeplance.
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2.3 Variable Sources of Succeptance

Power authorities have traditionally used a variely ol methods lor VAR generation
andfor voltage regulation, These are all basically, fixed or variable sources of
reactunce connecled in single shunt, series or in three-phase, connected in star or
delta across the main lines to serve one or both purposes mentioned earlier, The

more popular techniques are listed in below,

a) Thyristor contrelled inductor (TCI,

by ‘Thyristor controlled reactance (TCR),

¢y Thynstor switched capacitor (TSC),

d) DC voltage-controlled choke, also known as saturable reactor,

e) synchronous condenser (phase shifter),

Reaclive power compensalion with thyristor-controlled mductors and shunt
capacitors enable adaptive compensation al the cost of harmonic distortion
increase. Harmonie distortions are further ingreased due to resonance with the
supply system reactance.

A partial seluion 15 to connect such reaciors across the mains in delta to cancel
out the cffect of the triplet harmonics. Alternatively, if the thyristors arc switched
in 60° intervals, the current harmenics of the third order will mumally cancel in
the supply current [7].

In three-phase compensation, if a compensator is not only used as a VAR
generator, but also to balance the load volitage, it's branches have to be controlled
independently and consequently, harmonics of 3™ order al relatively high RMS
values are injecled inlo the supply. Studies show that even some harmonics not

present at synumetrical conditions, appear in Syslems with non-linear loads. For the
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purpose ol Lhis repoerl, an exlensive study of veltage and current harmonic
distortions, generated Dby independently controlled two-element adaptive

compensator, has been pursued.

For a4 lwo element adaptive converler Lo adapt and respond Lo the changes in load
parameters, it's component’s value must change accordingly and rapidly with the
load parameters. Belore considering the options on prelerred sources of variable
succeplance, a brief study of the supply voltage and it’s harmonic content is

requrred.

Generally, the supply vollage on premises with a large number of computers
installed is expectled o be abnormalty flat at positive and ncgative peaks. This 18
simply due to the smoothing capacitors used n the power supplies charging up
simultaneously and overloading the supply lines during the peak periods of the

supply cycles.

The supply voltage at UCT versus the current through a S0.0uF capacitor is shown
in fig:2.3.1.

F:g:. ol-::url; we[o for a - ﬂjtor




The distortion in the current waveform can be explained as follows,
IJ'.I.L'I.'I.=VI"IIIII] w0 {Eq‘ 2.3, I.)

Hence, for a range of harmonic orders in the supply vollage, the expression for the

current waveform is:

WL = V0 sin{ox + ©2) + Vo, 200 sinf20t + 1/2) + V3,300 sind 30x + 1/2)

toeeeee et VonadC sindnat + /23 (Eq: 2.3.2)
i(1) = [}, sin{edt + m/2) + 2 Ly, sinf2ot + m/2) + 3 T, sin 36t + 02+, oa ot
nl,, sinfnwt + m/2) {Eq:2.3.3)

Eq: 2.3.3 shows clearly that for any specific harmonic present in the voltage
waveform across a capacilor, the peak current harmonic of the same order will be
n tines larger.

In an attempt to start with a eleaner signal, a2 G-M set is utilized. With direct on

line capacitors connected, the generated voltage and the currents are shown in fig:
252

Fig: 2.3.2 Voltage and current waveforms for capacitors using (G-M set
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Clearly, there is a large order of harmonics present in the generated vollage.
Although, by the shape of the current wavelorm, these harmonics have small
magnitudes, there seem to be a wide range present. Possible explanations are,
oxidization of the slip rings, un-smoothness of the brushes and uneven spring
lension due Lo age. The tield supply of the alternator is from a six-pulse rectitier
with minimum ripple, so that the distorlion due to field current is unlikely.

A sccond (:-M set was tried out. Unfortunalely, due to the abscnce of voitage and/
or speed feedback, drastic volt-drops were expericneed at high load currents. At
this point in time, no further experiments were carried out on stand-by gencrators

and thercafter the mains were used for the rest of this report.
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2.3.1 Thyristor-Controlled Inductance (TCI)

TCI is used as a variable source of inductive succeplance in the compensating
networks cither for static VAR compensation or load voltage balancing or both.

The following circuit has been built and tested.

Fig: 2.3.3 Thyristor-Controfled Inductor

Naturally, the lundamenial component of the currenl lags the supply voltage by

90° and hence the control of currenl and elleciive value of the load inductance can
only start al firing angle of @ /2 Radians. Snubber circuits are provided to protect
the thyristors ilgiii_l‘tﬂt;-ﬂ“l’ﬁ load back emf. Fourier analysis can be used to cxpress

the supply current as a function of firing angle:

vV T
fo =——{2m -2 + Sin — <O ST Eq:2.34
() nmf_'.{ ) 5 (Fg )

Typicai waveforms of supply voltage. load current, and the {iring pulses are shown

in Fig: 2.3.4.
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Fig: 2,3.4 TC1 waveforms Applied voltage T'Cl corrent Firing pulses

By the nature of “*phase control™, the inducior currenl cannoi be pure sine wave
and contains odd harmonics. The magnitude of such harmonics, as a ratio ot the
fundamental. depend on the firing angle { ¢ ). The graph of Fig: 2.3.5 shows the
changes ol percentage “Current Harmonic Distortion™ versus firing angles ot 90°

to 1807 in 10° steps.

‘ 100 - |
e ‘ _f"_

CHD

50 110 130 160 170 190

Firing angle

Fig: 2.3.5 Pereentage currcnt harmonics distortion ina TCI

Since the current is intentionally interrupted and hence deviates from original

sinusoidal shape, the percenlages oblained cannol be stricily considered as



harmonic content of the current wavetform. The graph in this case 15 a measure ol

the difference belween the TCE current at @ =7/ 2 and a7 /2, expressed as a

petcentage of current at & =/ 2

o = m/2)- ]('3"*)* 100 % (Eq: 2.3.5)
e =mn/2)

Currenl harmonics are measured using “Real-Time Simulation™ The method and

iU"s powerful capabilities are explained thoroughly in chapter 6.
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2.3.2 Thyristor-Controlled Succeptance

A TCS compriscs a fixed capacitor in parallel with a TCL. Changing the firing

angle ol the back-lo-back pair of thyristors can vary the inductive reaclance and

henee combined reactance of the system.

Fig: 2.3.6 Thyrister-Controlled Succeptance
The circuit can act as a variable inductive or capacitive source of recactance, hence

the option of using it as a souree of variable succeptance has been considered.
For the specific range of suceeptance required (B and By ), the values of L and C

arc caleulated using the following equations:

(Eq:2.3.6)

@, represents the angular velocity at the fundamental frequency.
In high voltage applications, due to gencrated harmonics, the receommendation is
10 restrict the ratio of X¢ to X¢ to a maximum of 0.3]5]. Other precaution is that

the inductor must be chosen s0 as to ensure that there is only one resonance
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frequency in the TCS reactance for the controllable range of o The total current

drawn from the supply is calculated from the following equation:
I @)=y —1 . = V| —— {21 — 2 +5in 20)-0C (Eq23.7)
S L C L S

The basic structure of the TCS has two disadvantages. The current harmonics
generated by the thyristors may cause resonance between the C and load or supply
source inductance. The second disadvantage may appear if the supply voltage is

distorted. As a result, resonance may again occur.

T'or the initial size and the full load requirement of the motor, the capacitive
element of the compensator has to be lowered from 250 ul? at the start down to 4{)
uF at full-load. Fine- tuning of the last 20 uF, to cater for changes in the load from

no-load 1o full-load and slip, will be of great advantage.

In the original circuit of fig: 2.3.6, for small values of O0 beyond T /2 Rad, large
percentage odd order harmonics are expected to appear in the current waveform.
The worst-case scenario should oceur at ¢ = 90°. The following graphs show the

line and TCI current waveforms for the firing pulses for 90°, 1357 and 180°.
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Fiz: 2.3.7 TCS currents at ") degree delay firing angle

TCI Current Firing pulses

Fip: 2.3.% TSC currcnts at 180 degree delay fiving angle



Percentage current harmonic distortions versus the firing angle are shown in fig:
231

e G e B L L g B R PR

Fig: 2.3.10 Percentage current harmonic distortion versus delay firing angle in TCS

In comparison with other rescarcher’s results in similar experiments [111, the
above current distortions are surprisingly "Iuw-»ﬁnc'i hence there seem (o be no need
for any harmonic fillering 1o be implemented. An additional way to donble check
the above results is to determine the frequency spectrum of the current drawn for
the range of O and calculate the percentage CHD in order to compare with those
of fig: 2.3.10.

Fig: 2.3.11 Variation of the fundamentsl component of the current with firing angle



Fip: 2.3.12 Variation of the 3rd order current harmonics with firing angle

o 5

Fig: 2.3.13 Variation of the 5th order current harmonics with firing angle

Fig: 2.3.14 Variation of the 7th order current harmonics with firing angle
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, the valucs of current harmonic

Using the equation, CHD =

distortion for the range of O can be re-ploited. This is shown in fig: 2.3.15.

Fig: 2.3.15 Re-cvaluated values of current harmonic distorton for the range of
fring angle in a TCS

In comparison, certain degree of mconsistency exists between ihe results ol [ig:
2.3.10 and 2.3.15. The peak value of CHD of 21% occurring at ¢ =100° is still
within tolcrable limits. However, it might after all be worth looking in to a 3™
order harmonic filter to the TCS and modify it as in fig: 2.3.16.

Fig: 2.3.16 Modilied TCS
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[n the modified TCS, a shunt third order harmonic filter is incloded which
provides a low impedance path for the third order currenl harmonic generated by
the TCI . Additionally, a series inductor increases the compensator impedance for
the supply voltage harmonics. Two [aclors need be considered,

a) the range of succeptance required from the TCS and,

b} the possible resonance frequency oceurring belween the shunt branch and

the TCI in on state { £, ).

The range of succeptance (B, — B_,) requirement is from 18.064 down to

16.62 (Siemens). The resonance frequency should be selected as Lar as possible
from frequencies of harmonics that could appear in the supply voltage, With
the values selected in the original TCS and the range of conlrollable
succeptance, resonance at fundamental [requency cannot occur. The

components are calculated using the following equations[11].

a,L’ +a,L’ +a,L+a, =0
= 9N
a, =27 -11f ;" Yo, B
8, =[2B . (8 =5f, 3+ 9B, (1 Yo, "By
2, =9B.,(1-f; )0, B'a
(Eq:2.3.8)

With the initial selection of f X 1.7, solving the polynomial equation, the values

of L, can be plotied as in Fig:2.3,17.
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Fig: 1.3,17 Variation of L in the polynommial equation

Three possible symbolic and numerical rools exist:
L=-191.826%10"-0. L;=-179.895%10"-6 Li=+67.2789%10"-6
There is no clear definition for negative inductance. With L having the only
positive value placed in the [ollowing equations, the remaining values of the
parameters can be calculated.
|

L= (m]L+—B-;}f8
. d
()L,
L. ={w*T’B,, B, +@L{B., + By) +1V(B., — B, o,

f

(Eg:2.3.9)
L, =10.2mH, C, =110.77/uF I.. =4.1mH
Before attempting to implement and modify the TCS, a simulated proof is required
to justify the construction.
In the simulation environment, the TCI generated harmonics with the source

voltage 3™ order harmonics of (say) 5%, can be viewed in fig: 2.3.18 and 2.3.19.
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Fig; 2.3.19 Current waveforms for uncompensated TCS

The modified TCS with the appropriate values is shown in fig: 2.3.20.

Fig: 2,3.20 Modificd TCS with injected source volluge harmonics

1



Despite all efforts and usage of various simulation techniques, the resulting
waveforms  with reduced harmonics do not prove satisfactory. Further

investigation on this part is required.
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2.3.3 Thyristor-Switched capacitors

A commercial lechnigue used by ESKOM and other power authorities is the use of
TSC (thyristor-switched capacitors) in static VAR compensators.

Fig:2.7 shows the power diagram. The main capacitor bank i1s C;. The auxiliary
capacitor bank Cs is connected in series with a damping reactor and has similar
impedance at fundamental frequency.

The parallel damping resistor R1 carries very little fundamental current but
provides very effective damping at the important harmonic frequencies (3rddth
and 5th). The recommended tuning frequency for L1 and C2 is 175 Hz. According
to GEC ALSTHOM, the above-mentioned frequency provides a pood compromise
for the nominal tuning of the TSC eircuits, s0 that the maximum harmonics

currents would be limited to about 20% of the fundamental currents in each TSC.

R A SR
i SR o

Fig: 2.3.21 Thyristor-switched shunt capacitor
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Switching the capacitors at any random point during the input ¢ycle, using back to
back pair of thyristors. can gencrate very large current spikes and damage these
switches permanently. This is simply due to i=C.dv/dt . If the capacitors are
switched on at the peak of the supply voltage, then the current charging cycle
starts at zero amp, which relieves the bi-directional switching components from
UNNECERRATY stress.

Unlike the phase-control used in TCIs to vary the effective value of the load
inductance, TSC employed uses integral hall-cycle control where the capacitor is
cither fully on or out of the circuit. The circuit diagram of Fig: 2.3.22 uses the
voltage across the capacitors as the synchronizing signal (o phase lock the firing
pulses. The operation ol the controller is as follows. A simple supply voltage
phase-shift of 90° is followed by zero crossing detectors. The output is ANDed
with a stepping control signal and a high'fri::qucilcy train of pulses. Finally. opio-
1solators (2500 V) have been incorporated.

?
%

4
i
i
i
i
s
i
Eis

Fig: 2.3.22 Zero current triggering cirenit for TSC
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As established belvre, the vollage harmonics across a capacitor are reflected and
magnified in the current harmonics. In fig: 2.3.23 the supply voltage fifth order

harmonic seems Lo be the highesl one of all.

e

Fig: 2.3.23 Supply voltage harmanics
In tig:2.3.21 and with the absence of Ry and C, current harmonic are measured

and shown in Fig: 2.3.24.

Fig: 2.3.24 5th order current harmonic measured vsing Real-Time Simulation



In the above measurement, the [irst, second and the third windows show the
magnitude of the [undamental, the 5" arder current harmonic and finally the ratio
of 3" order to the fundamental component respectively. A consistent current
harmonic distortion of nearly 6.5% is rccorded for a large range of TSCs.
Furthermore the oscilloscope captured voltage and the current waveforms for a 90

ul’ capacitor are shown in Fag: 2.3 .25.

Fig: 2.3.25 Supply valtage and current drawn by 98 uF capacitor

Supply voltage
The harmonics in gencral scem to be harmicss and relatively small, hence no
further investigation is required at this stage. A picture of the TSC and related

driving electronics is shown in appendix 1.7.
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2.3.4 History and operation of magnetic amplifiers

Historically and before the discovery of the semi-conducting devices, magnetic
amplifiers used to play an important role in industrial applications such as
regulators, relays, starters, amplifiers, servo-systems, DC drives, illumination
control and position control systems. Today, very few of them are found in use
and the number of articles or even general information about them is very limited.
The terms magnetic amplifier and satqrable reactor are often used interchangeably.
This is erroneous because although a saturable reactor is the main component of
all magnetic amplifiers, the term saturable reactor applies only to one part, the
reactor.

The function of the so-called magnetic amplifier, as the name implies and like
every other amplifier, is to reproduce an applied signal with an increased
amplitude. However the way it is done is quite unique. In these amplifiers, a small
DC signal through a separate control winding can vary the magnetic property, or
more specifically the permeability of the core material in order to change the
inductance and hence the reactance of the AC coils within the unit. This way the
impedance and the current on the AC side is controlled.

The DC coil is placed on the joint middle limbs. A variable DC supply is used to
feed it. The resulting DC flux is added to the AC flux on the outer limbs in
alternating cycles. In other words, in the first half cycle of the supply voltage, the
DC flux aids the AC flux produced by one AC coil, while it opposes the flux
produced by the other AC coil. This is reversed in the next half cycle of the
supply.

For the purpose of this project, the saturable reactor is chosen to function as a
variable source of inductance and not as an amplifier. Fig: 2.3.26 shows the basic

construction of a saturable reactor.



The basic construction of the saturable reactor is shown in Fig: 2.3.26.

_T_ Air-gap

Y B R

Fig: 2.3.26 Basic construction of the saturable reactor

A and B represent the AC coils on the outside limbs. These coils are wounded
in opposite polarity so that the net resulting flux in the joint center limbs is
zero. The DC coil is placed on the joint middle limbs (C) and is supplied by a
variable DC source. The resulting DC flux is added to the AC flux on the outer
limbs in alternating cycles. In other words, in the first half cycle of the supply
voltage, the DC flux aids the AC flux produced by one AC coil, while it
opposes the flux produced by the other AC coil. This is reversed in the next
half cycle of the supply.

If we consider one of the magnetic circuits say the left core, the magnetic flux
in that core is a function of both the AC and DC coil that links that particular
core.

In the case where no DC ampere-turn current bias is imposed on the mmf of the
magnetic circuit, the B-H characteristics will follow those of a normal

symmetrical
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B-H curve. If a constant AC amplitude voltage is connected to the AC coil,

then the B-H curve will operate within the range shown in Fig 2.3.27

Average Uay

B maximum .
i -
B DC Ampere-turn
- Operating
- range
H min H max
................................ >
f \ Ampere-turn range (no DC)
v

‘‘‘‘

B min

Fig: 2.3.27 B-H characteristic of magnetic circuit of one core showing operating range

without the influence of DC biasing

If now a DC ampere-turn from the center coil is added to the mmf, the range of

the flux and hence B will have to remain constant as this is a function of the

AC voltage only. The operating range of H will be however affected due to the

shift of the total Ampere-turn due to the DC coil current. The average

permeability of the magnetic circuit will then be affected and hence the

effective inductance will change with the DC current see Fig 2.3.28
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DQA‘fhpere- turn
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o Ampere-turn range (with DC and AC)

Fig 2.3.28 Effect of DC mmf on B-H curve operating range.

The operation of both magnetic circuits is identical. However the two AC coils
are wound so that the AC flux linkage of the DC coil is in opposition. The DC
coil should therefore, not be affected by the AC current. This is necessary so
that DC current is easily supplied to the DC coil.

The picture of constructed saturable reactor can be seen in appendix 1.7.

These cores are wound from cold rolled GOSS (grain orientated silicon steel),
and possess very high degree of magnetic property. For the purpose of
constructing a saturable reactor, Grade M5 with the thickness of 0.3 mm was

used.

2.3.5 Synchronous Condensers (phase shifter)

Synchronous machines with their power factor improvement abilities do not
play any role in the passive element converters and hence are not discussed in

this report.
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Chapter 3

3.1 Converter for centrifugal pump

This scetion aims at building a controller card using current and voltage feedback
loops to adjust the values of the converler succeplances automatically and in
accordance with the motor parameters for the range of slip. An cxisting motor
pump has been used. The acceleration time from standstill to full-load speed is
measured to be roughly 3.0 scconds, Furthermore, if the driving motor has the
correct power rating for the load flow, it r.;aube safely assumed that it would
operate continuously at full-load or at nux-lua;i This raiscs the question as to what
extent does the start up and reaching the full-load speed would depend on the
intermediate values of converters elements.

Initially, the [ollowing circuit was considered:

Fig: 3.1 The firsl proposed converler design



The motor starts initially with no compensation ie with a single-phase supply.
Hence, it is expected to draw a large starting current. A back-back thyristor
arrangement on the line current can act as a soft starter. For the size of the motor
and its short acceleration time and due the fact that pumps only starts up and go

off a few times per day, the soft starter may not be included in the final prototype.

The capacitive element of the converter is 270 uF at start up and 40.0 uF for the
full-load. This was implemented in six steps of TSCs. Due to lack of space in Fig:
3.1, only three thyristor switched capacitors are shown.

The inductive element of the converter is a saturable reactor. The control
technique is based on the full energization of the DC coil to saturate the reactor at
start up. Then it prodube a low reactance of 118.0 mH. In three seconds, the DC
coil is gradually de-energized to reduce the inductance of the reactor to its initial
pre energized value of 533 mH required by the motor for the full load conditions.
Once the motor starts running, the intermediate values of the converter are

adjusted as a function of time.

Before designing any circuitry, manually variable inductors and electro -
mechanically switched capacitors were used to confirm the pre calculated values.
The outcome shows that, for a smooth startup, the starting values of the converter
passive elements are critical. Also for full load conditions, these values have to be
accurate. However, during the run up, the intermediate values of the converter
elements and the speed of variation are less critical. In other words, without the

correct starting values of B, andB,, the motor will fail to start. Likewise, at
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steady state, if the converter elements are more than 5% away from the required

values, the voltage balance will not be achieved within acceptable values.

3.2 Control strategy

The experimental control strategy shown in fig: 3.2 uses two line currents and two
line-line voltages, as shown in fig: 3.2. A single-phase controlled rectifier provides
the DC excitation for the reactor. Current and voltage error amplifiers provide the
control signal for the rectifier. Phase or alfa-control is a suitable method to use for
highly inductive loads of this nature. TSC switching signal will only depend on the

difference in magnitude of the voltages.

Red phase Precision
current P e v
Current -error
amplifier
Yellow phase Precision
current ===t rectifier T
Alfa Controlled
control } i
rectifier
AC/DC
VeyE—> +
TSC
Voltage error amp : controller
Vs
==y AC/DC T

Fig: 3.2 Initial confrol strategy for the converter
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The important blocks of the above strategy are explamned next. The detailed circuit
diagrams for all blocks are attached in appendix 1.2.

3.2.1 Precision rectifiers

These are used 10 generate accurate current error signals, which forms part of the

feedback loop. Fig: 3.3 shows the circuil diagram [or a single-phase precision

rectifier.

Fig: 3.3 Circuil diagram for a precision rectifier

In a normal four-diode bridge rectifier, two diode volt-drops are subtracted [rom
the oulput voltage at all times. The above circuit has the advantage of absorbing

these volt-drops.

3.2.2 Design of saturable reactor

When designing a saturable reactor. much like a normal transformer, two factors

are taken n 1o consideration. First, the material and dimensions of the winding and
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secondly the core size and magnetic property which is related to the shape of
the B-H curve.
For the windings, copper is the most commonly used material. As for the size,
the maximum current in the reactor would be due to the starting inductance of
120 mH. With a negligible winding resistance, the maximum current in the AC
coil is calculated from:

X = 2*pi *50%120*10° =37.7Q,

at vV =230.0V, 1=6.10A

At rated speed, the inductance requirement rises to 535 mH which draws 1.37
A. According to transformer manufacturers, the current allowance/mm?® for is
1.55 A/mm® This implies a nearly 4 mm® wires for the AC coils. Due to the
short time for reaching the full load, overheating cannot occur and so a wire

size of 1.0 mm® (D=1.13 mm) is selected.

The DC circuitry will only serve for the first few seconds after switch on, and
is redundant thereafter. Bearing in mind that the AC coils are in series and
opposite polarity, the sum of the turns for the reactor's AC coils are calculated

using the well-known transformer equation,
V=4.44*P*N*B.x. A (Eq: 3.1)

The number of turns also depends on the dimensions of the core. A reasonable
size selected is C750, with the property and dimensions of, By, = 2.0 Tesla,
Cross section area = A*B = 40*25=1000.0 mm* =0.001m” and length of the
flux path = 333 mm. The values of A and B are shown in data-sheet [App: 1.6].
At supply voltage of 230 V and 50 Hz frequency, the total number of AC coil
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turns is N = 230 =518 Turns . This means 259 turns on each

4.44*50*2%*0.001
AC limb. Experiments showed optimum performance at 250 turns per AC

limb.

With the core size and number of AC turns per limb decided, it becomes
necessary to look into the magnetic property of the reactor.

On the B-H characteristics for C-cores, supplied by the manufacturer (AMC),
the knee point on the graph is roughly 1.7 Tesla. The operating range of flux
density for the reactor was intended to be between 0.75 and 1.7 Tesla. This
range is suitable because the value of permeability at 1.7 T is nearly 1/4.5
times the permeability at 0.75 T and the reason for selecting it is that at startup
the combined AC coils reactances will have to be reduced by this ratio. Data
sheets show the values for this range of permeability to be 0.045 to 0.01 H/m
{App:1.6].

For the range of permeability, referring to equation 2.3.10,

The above range implies that the DC control signal should inject amper-turns

of sufficient size to lower the permeability at start up to z, .

3.2.3 Reactor and DC excitation

The DC excitation affects the two AC magnetic loops separately. Hence, the
maximum Amper-turn supplied by the DC coil for each AC loop can be

calculated as follows,
mmf at start up = Ig N = 6.1*250 = 1525 AT

mmf at full load = Iz N = 1.37%250 = 342.5 AT
This implies that the DC coil must be able to generate a mmf of,
1525 -342.5=1182.5 AT
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1525 -3425=11825 AT

Depending on the wire size of the DC coil and the power avaiiable from the DC
supply. vartons combinations arc possible. For the required DC current not o

exceed 2.5 Amps at start up, a 500-turn DC coil with ¢.s.a of 1.0 mm” is used.

A standard full bridge, half controlled rectifier is used to feed a variable DC
voltage to the DC coil. Fig:3.4 shows the power diagram for the DC drive. The
supply voltage of 36.0 V and phasc control from 0 to L8O degrees fulfills (he

1eaciors requirgments,

Fig: 3.4 Power diagram for reactor DC excitation

The driving circuit is similar to DC drive circuitry with pulse transtormer isolation
and lacility for current and voltage feedback signals, The circuit diagram is shown

in Fig: 3.5.
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Fig: 3.5 Firing circnit for DC excitation

The conlrol signal drives the DC coil in such way that at start up the reactor's core
ig highly saturated for minimum inductance, and as the motor runs up, DC

excitation is withdrawn —t_:fbrihg the reactor back to its original inductive value.

3.3 Core saturation and air-gaps

Previous studies by engineers and inverter core manufacturers such as "Magnetics”
{division of Spang and company), has resulted to standard definition for the term
“core saturation”.

These studics and the following experiments show thal saturation occurs when the
peak exciting current is twice the average exciting current. Furthermore. if’ the
applied AC voltage to a transformer winding is unbalanced or in the case of a

salurahle reactor, additional DC excitation exists, 4 high residual flux may remain



when excitation is removed. Reoccurrence of unbalance or the DC bias may cause
deep saturation in the same or opposite direction. As a result an extremely large
current spike will appear which is only limited by the source and winding
resistance. The result, as experienced several times with the saturable reactor and

applied DC biasing, was the failure of the thyristor’s of the controlled rectifier.

The problem of minimizing the effect of random and/or forced saturation in the
reactor is remedied by introducing an air-gap in to the core assembly which has a
powerful demagnetization effect resulting in shearing over of the hysteresis loop
and a considerable decrease in permeability of the material. In other words,
insertion of air-gap reduces voltage spikes produced by the leakage inductance due
to core saturation. In fact, it decreases the DC magnetization and increases the AC
magnetization current. The amount of air-gap incorporated has a practical
limitation. This is due to the fact it lowers the impedance and increases the
magnetizing current. In commercial applications such as spacecraft transformers,
extreme care and control is taken when performing gapping operation.

For the purpose of the this study, an air-gap of 0.3 mm was required to adjust the
reactor's inductance to 530 mH at full-load condition.

3.4 Experimental results

Primarily, the supply voltage waveforms, harmonic content, THD and the

percentage unbalance have been captured in Fig: 3.6.
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when excitation is removed. Reoccurrence of unbalance or the DC bias may
cause deep saturation in the same or opposite direction. As a result an
extremely large current spike will appear which is only limited by the source
and winding resistance. The result, as experienced several times with the
saturable reactor and applied DC biasing, was the failure of the thyristor’s of

the controlled rectifier.

The problem of minimizing the effect of random and/or forced saturation in the
reactor is remedied by introducing an air-gap in to the core assembly which has
a powerful demagnetization effect resulting in shearing over of the hysteresis
loop and a considerable decrease in permeability of the material. In other
words, insertion of air-gap reduces voltage spikes produced by the leakage
inductance due to core saturation. In fact, it decreases the DC magnetization
and increases the AC magnetization current. The amount of air-gap
incorporated has a practical limitation. This is due to the fact it lowers the
impedance and increases the magnetizing current. In commercial applications
such as spacecraft transformers, extreme care and control is taken when
performing gapping operation.

For the purpose of fine-tuning the saturable reactor, an air-gap of 0.3 mm was
used to set the reactor's inductance to 530 mH in the complete absence of DC
excitation. Further explanations and detailed calculations on the air-gap can be

found in appendix 1.8

3.4 Experimental results

Primarily, the supply voltage waveforms, harmonic content, THD and the
percentage unbalance have been captured in Fig: 3.6 using a power quality

meter (Vectograph).
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Fig: 5.6 Measurement of supply vollage harmonie content, phase wnbalanee and THD



The supply voltage is highly distorted and the figure 3.2% in phase A for THD
exceeds the ligure set by NRS D48,
The first set of measurements on the reactor is the AC currents versus DC

excitation, shown in Fig: 3.7.

Fig: 3.7 Variation of AC current versus DC excitation

The scope captured AC coil currents for the range ol DC excilations [rom 0.4 up

to 1.8 Amps at 0.3 Amp intervals are shown in Fig: 3.8a to 3.8F.
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Fig: 3.8¢ Fig: 37T

In the above wavelorms il can be obhserved that as the DC current inereases beyend 0.5
Amp, the AC current becomes distorted and harmonics are generated. Standard
laboratory equipment such as Vectograph and Fluke power analyzer can be used to
measiure voltage harnonics, THD and voltage unbalances but current harmonics need
more specialized and expensive measuring device. Unfortunately, this was not available

at the time of preparation of this repott.

For the values of DC current larger than 1.8 A, the core material saturales fully
and the AC coil currenl increases rapidly Lo dungerously high levels, However, it
is convenient lo realize that with the parameters sclected, there 15 a lincar
relationship between the AC and DC coil currents, The minimum and maximum
allowable DC excitation current of 0.3 to 1.8 Amps is also a clear indication of the
practical limits of the slope of the B-H curve ( L ).

The DC current has so far been assumed flat and free ol ripples. The Following
wavcforms show the DC coil current versus DC wvoltage applied at low and high

saluration levels,
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Fig: 3.9 DC coil current and voltage at low saturation level

Fig: 3.10 DC coil current and voltage at high satveation level

The AC component in the [DC coil current is due to the induced voltage by the AC
coil. [t cannot really be prevented and since it does nol cause any problem, a
solution is not applied. A comprehensive sel of vollage and current harmonic

analysis has been conducted and the results are presented in chapler six.

The objective of this section was only to bring the motor (o full-load speed wiith
the converter elements changing simultanieously with the load parameters. During
the run up time, the measurement of intermediate values of curents and
unbalinced voltages (within a few seconds) are hardly measurable. Therefore.

only the [inal waveforms are examined.



Fig:3.11 shows the oscilloscope image of the generated 3-phase voltage

wavelorms.

Fig: 311 Full-load after compensation waveforms across the motor terminals

3.4.1 Harmonic analysis

In this section, a portable Fluke power anmalyzer has been vsed lo measure the
harmonic content of the system at startup and full load conditions. At start up
where (he reactor is heavily saturated. voltages arc mildly affected by the
harmonics generaled, whereas the harmonic content in the current waveforms are
at highest. For a DC current of 1.0 Amp, phase currents containing 57,5% 3", and
only 1.0% 5th harmonics were measured.

Al rated load with no DC excitation on the reactor, the harmonic content of the
voltages and currents were predominantly of 3rd and 5th order. THD for any line
current or vollage does not exceed 3%. The phase currents contain 3.8% THD,

Measurements are shown in the [ollowing [igures.
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Fig: 3.12 Supply currcat 53" order harmonic content at start up

Fig: 3.13 Supply line voltuge 5™ order harmonic content at tull load

The current harmonics content of the converter passive clements is however,

higher, Typical valucs were measured between 21 to 23%.
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Fig: 314 Capacitive clement current harmonic content at full load



Apart from start up values, the THD of the ling currents and voltages for the lull
load running conditions are not high. As a matter ol exercise two methods of

filtering to minimize the dominant third order harmonic has been tried out.
3.4.2 Parallel filtering

Attempts 10 vse a 3rd order parallel harmonic filter did not prove cfficient Tt
changes the parameters of the converter to the point where start up becomes

impossible. The arrangement in shown in Fig: 3.15.

w1

e
iw

Fig: 3.15 Parallel line 3-rd harmonic filter

For a DC current excilation of 1.0 A at start up. line currents contain 35.8%.
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3.4.3 Series filtering

Considering that capacitors are the ampliliers of the current harmonics and that the
converter requires maximum capacitance at start up, scrics inductors of 23.0 mH

were placed with cach capacitor.
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Fig: 3.16 Series fltering

The THD of the line currents improved to 24.1% which is again almost entirely
3rd order. Phase currents contain 28.4% 3rd order harmonics. The 3rd harmonic
content of the phase currents are often higher than those in line current harmonics
of the same order. This can be justified by the fact that in a delta connected load
the 3rd order voltage harmonics sum up to zero but the corresponding currents are

in phase and hence circulate & large current in the mesh.

When the scrics inductor value was increased to 60.0 mH, with the same DC
excitation, all the harmonic contents were reduced to nearly half the previous
values. The voltage harmonics were reduced to below one percent. These show the

best results and hence remained 1n the system permanently.
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3.5 Additional parallel succeptances

It is possible to reduce the maximum values ol the converler's passive elements by
placing lixed banks ol capacitor across each phase of the load. The simulated
values of the converter inductive and capacitive elements are shown in Fig: 3.17

and 3.18. See Matlab M-(ile in Appendix 1.1.
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Fig: 3.18 Effect of fixed parallel capacitor banlks on the size of the switching capacitors
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The circuit diagram and the simulated line current waveforms for rated slip with

‘extra 50 uF capacitor connected in each phase are shown in Fig: 3.19.

Fig: 3.19 Converter and load at full-load with additional parallel capacitors

Fig: 3.20 Linc current waveforms

Duc o unavailability of a variety of different sizes of capacitors and reactors, no

further investigation is pursued on this mater.
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Some conclusions can be drawn at this stage.

a) For a small motor-pump, the required change of the converter elements

h)

c)
d)

£)

with slip is rapid.

The worst time occurs at slip values very close to the full-load.

The saturation of the reactor is the main cause for the generated harmonics.
The capacitors cause large current harmonics. These current harmonics are
directly propoertional to the frequency.

The final tests on the pamp prove that, for the specific case of a centrifugal
pumip-motor assembly ol this size and characteristics, varying both
converter elements from start up to full-load in direct relationship with the
load slip is not necessary.

The converter used with a centrifugal pump can be simplified by using only
one variable capacitive element in conjunction with a fixed inductive
element designed [or the [ull-load conditions. The recommended converter

construction can be viewed under “Recommendations™ in chapter 7.
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Chapter 4

4.1 Development of a general controller

The aim of this chapter is to develop and construct an adaptive converter, which
can bc nsed for any three-phase load. supplied with a single-phase voltage. The
converter muost be able two:
l. sample two line currents and one line to line voltage,
2. derive at least two DC voltages representing the load conductance and
succeptance per phase,
3, from the above values calculate and generate two output DC signals
proportional to the required values of converter succeptances for voltage

balancing,

The simplified diagram for the converter-load connections is shown in Fig:4. 1.

230.0Virms)

v i

Bod

Fig: 4.1 The layout af the three-phase balanced load anid line measuring sensors
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Tor a normal 3-phase supply and load connected in delta, the line currents are

/3 times the phase values. However, with a single-phase supply, one phase

current can be sampled using the following relationship.

—  IR)-LY)
Loy = (Eq: 4.1)

The simulation in Fig: 4.2, demonstrates how this has been achieved [appendix
1.4]. The mathematical block (M1} subtracts the two hne currents., The
resulting current is then divided into three equal and parallel resistors.

Fig: 4.3 shows the resulting current waveforms through R, and Ry, The 180}
degrees phase shift is compensated for in the next stage of modeling.
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Fig: 4.3 Phase current sampling for unbalanced supply voltaze
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4.2 Method of calculation

The critical part of the algorithm is the calculation of load admittance. The
measurement of load parameters can be done in time domain or frequency domain.
Due to easy instrumentation, the time-domain approach is more attractive.
However due to some fundamental problems this approach could prove quite
ineffective.[7]. The main problem arises due to source voltage harmonics and the

values of load succeptance at such harmonics. These harmonic succeptances (B,)

can be calculated, if harmonic reactive power ( Q, ) is defined as:

Q,=U_I_sing =-B, .U% (Bq:4.2)

and the voltage spectrum values are known.

Czamecki [8] proposes a topology for measurement of reactive current rms value
meter where each voltage and corresponding current harmonic is measured,
generating proportional positive or negative DC values. This is based on the
theoretical fact that the reactive current drawn from a voltage source is the sum of
reactive current harmonic components shifted by n/2 Radians from the source
voltage harmonics. This way the reactive power @, and the corresponding
succeptances of load at various harmonics can be measured directly. The question
arises here that, do the reactive current harmonics in reality always appear n/2
radians later than the corresponding voltage harmonics of the same order? The
second problem that need to be addressed is, to what extent would the operation of
a reactive current RMS meter would depend on the property of .the various filters

used?
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For the purpose of single to ihree-phase conversion, the closest methbod of
measuring the same quantities is the method of average values in time domain.

The converter's performance depends primarily on the accuracy of the dynamically
measured values ol the load parameters. In the following simulations, the

following simplifying assumptions have been made,

e the source is a clear simwsoidal waveform which means no supply distortion
has been iaken in to account and the scattered currents component of the
source is assnmed zero.

» the reactive components are linear and lossiess,

¢ ihe converter operates vnder steady state conditions.

4.3 Power analysis

Calculation ol average active and reactive power for 4 single phase of a balanced
three-phase load can be initially done using a Matiab model where a line-line

voltage and a phase current arc used as inputs. This is shown in [ig;4.4,

Line-Line
voitage.
2 i
4 1 . Average active
il g = : - power -
= ~{E)
integ _""9%[ T . G'.I
Product Sumd .
Phase T i
current
=

Fig: 4.4 Matlab modeling for average aclive power measurement
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The product of the vollage and curreml is integrated to find the area under the
power curve, T is the phasc shift equivalenl 1o one cycle of the power curve
frequency in which by subtracting it from the cutput of the “integ” block, the net
average power per cycle ol the input is determined. Finally the function of “f17 15
to cnsure that the oulpul power is calculated for the correct frequency of the power
curve, The change in the model [or the measurement of average reactive power is
hased on the voltage being shifted by /2 radians and then the same steps as belore

are repeated.

_1 o M
QMW—?I Lot 2).:({:}3)}d(mr)

Line-Line
voltage
SR

Avorage
Reactive

power

Gain

Phase
current

2
|

Fig: 4.5 Maflab modeling for average reactive power mensurement

The above models can be further developed to calculate the load conductance and

succeptance, The block diagram in fig:4.6 shows 1he layout ol the model.
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Fig: 4.6 Matlub modeling for three-phase load parameter measurement

The operation of the model m fig:4.6 is based on: G=

1: & n:%, It is
possible o extend the model to calculate other load parameters such as power
factor and the components of the itnpedance as well. These are implemented later
in this chapter

The final step of this series of modeling is the computation of the passive elements
uscd by the converter. It takes into account the possibility of each converter

passive element being capacitive or induetive.
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Fig: 4.7 Matlah mndeling for caleulation of converter elements

The compicte model can be tested for two cxtreme toad conditions. Initially,
randont Bep and Be; are placed across the load, Fig: 4.8 has been used for a
balanced 3-phase resistive load of 20 £4/phase. The model indicates a conductance
villye of (1L.03 Siemens. A small succeptance is caleulated which can he 12nored.
The exact values of the passive elements required, o generate a balanced three-
phase voltage across the load terminals are displayed. By replacing the converter's
succeptances in the model, the correct phase and line currents can be displayed on

scopeland 2.
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Fig: 4.8 hModeling of 3-phuse resistive load and converter element calculation For balaneing

the supply voltage

Fig: 4.9 Phase currents for 3-phase registive load after voltage compensation

Fig: 4.10 shows the operation of the model with a highly inductive load of 20.0€2

in scrics with a 0.5 Henmry inductance. The load power lactor of less than 0.5
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lagging, both converter clements are capacitive. Phase current waveforms are

shown in Fig:d. 11,
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Fig: 4.10 Modeling of 3-phase induoctive load and converler element caleulation for

badancing Lhe supply voltage

Fig: 4.1t Phasc currents for 3-phase inductive load after veltage compensation
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With the modeling completed. the construction of a more general controller, using

analogue components will start in the following chapter.

i



Chapter 5

5.1 Adaptive controller

The aim of this chapter is to design an analogue circuit capable of generating at
least two positive and/or negative DC signals (-1} to +11) volts), representing the
values of the passive elements used in the converter 1o batance the supply voltage.
In the hardware to be developed, there will be a gain factor relating the generated
B values to the actual values of the converter etements.

The power rating of the motors used will depend on the scale-lfacior reduction
selected for the input line voltage and currents. Initially, it is intended to butld a

controller lor three-phase induction motors in the range of one to five KW.
With reference to fig:d.1, the first circuit diagram of these series in hg:5.1 can

produce an oulpul vollage of the same magnitude and phase as the phase current of

a three-phase balanced della connected load.
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Fig: 5.1 Sampling of phase current from two line currents of a three-phase load

I; and I, represent the line currenis of any magnitude and phase angle.

The current sensors (LEMS) Pf;ndtii:e one volt at the output for each amp passing
through the mput. This limits the inpul line currents lo 8.5 Amps and the
maximum power dandling capability of the controller at an average power factor
of 0.8 becomes 24@"533.5*{}.8=]632 Walts, Clearly, by adjusling (he current sensors
to produce less output voltage for each input amp of current, the VA measuring
ability of the controller can be increased. Second part of the controller is the
average active and reactive power measuremenl. In order to calculate various
parameters of the converter and the load, a pumber of multiplications and
divisions are implemented using AD633, which performs these functions, Fig; 5.2

on the next page shows the circuit diagram,

79



Fig: 5.2 Average active power meter

To obtain an equivalent DU value [or average reactive power/phase of the load,
the line-line voltage bi;ﬁjjie:en shilled using a phase shifter. Then multiplication,
these designs is lo synchronize two trains of pulses, One set to allow the sample
and holder 10 charge up the owpul capacitor and a second sel. to immaedialely resel
the integralor at every 1/2 cvele of the currenl signal. Fig: 5.3 demonsirates how

this has been achieved.

il
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Fig: 5.3 Average reactive power meter

ADG3S in different configurations is capable of multiplication, division, square
and square rooting of AC and DC signals. Having the values of average P and Q. a
line-to-line voitage has to be %gugfrcﬁ and averaged. IYig: 5.4 shows the circuit

dhagram.

e e e £ = ) st b - o : : 2 o & ol e

Fig: 5.4 Circnit disgram for the average value of V2

81



The fourth stage of the design is two simultanecus divisions to generate
positive or negative DC voltages proportional fo the load admittance and

susceptance per phase. The simplified version of this stage is shown in fig: 5.5,
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Fig: 5.5 Load admittance and suseeptance meter

Next and the final step of the design 1s to implement the equations in Eq: 2.1.16
and obtain the required DC values proportional to the susceptances for each

converter element. This has been illustrated in fig: 5.6,
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Fig: 3.6 Generation of two DO voltages propartional to converter's saseeplances



The forth stage of the design is two simultaneous divisions to generale positive or
negative DC voltages proportional lo the load admiliance and succeptance per

phase. The simplified wversion of this stage is shown in [ig: 5.5

Fig: 5.5 Loud admittance and succeptance meter

Next and the final step of the design is to implement the equations in Eq: 2.1.16
and obtain the required DC wvalues proportional to the succeptances for each

converter element. This has been illustrated in fig; 5.6.

Fig: 5.6 Generalion of twa DC voltages proportional to converter’s succepiances
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5.2 Simulated and experimental results

Simulated values have been plotted to produce a guideline on the values of
converter values. Fig: 5.7 shows the simulated variation of Be and Bes versus
power factor of a variable resistive load of zero to 100.0 £ in series with a fixed

350.0 mH inductor.
i Ei%j,grr:”:fg -

Fig: 5.7 simulated values of converter succeptances versus loud PF

As far as cost is concerncd, the ratings of the converter elements kVAr in lerms of
the load kW is shown in fig: 5.8,

o

e

i,.
'

Fig: 5.8 Yariation of converter elements KV Ar versus load active power (kW)
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Experimenial resulls have been oblained in the following manner. First, the
adaptive compensator has been tested with a bank of resistive load connected in
della across a 230V line-line vollage. RMS based instruments have been used to
measure the relevant vollages, currents and powers. Load stepping of 100.0W has
been adapied. The comparison between the actual active power measured through
the instrumentation and the average power measured uwsing the adaplive

compensator is shown in fig: 53.9.

1200
1000
800
600
400 -
200

power

RMS and avearge

1 2 3 4 5 L 7 8 9 10

~_ Step increase in load
=Ry instruments —se= By Adaptive Compensator I

Fig: 5.9 Power measurement msing RMS values / averape values
Results show that the power readings taken from the instruments are consistently
larger than the average power by a factor of nearly 1.2, This can be explained
through the lerm “form factor™ of 1.1, which is the ratio of the RMS to average
value for a sinusoidal voltage or current.
Pings 3 Vol * Wiisruge ¥ B L = 12 P

The oscilloscope captured IDC  voltages from the adaptive compensator
representing the load conductance is comparcd with the actual values caleulaled

from the instruments. The results are shown in fig: 3.10.
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Conductance {mS)

1 2 3 4 5 6 7 8 8 10

Step increase in load

By nstruments == By Adaptive Compensator

Fig: 5.1{ Load conduciance measprement osing instruments/Adaptive Compensatar

The two lines in fig: 5. 10 should ideally be superimposed However, the error
margin is small and consistent for a large range of' load conductance,
The pattern for the values of converter succeptances are as cxpected, fig: 5.11

shows the measured valucs plotted versus the loading steps.

12 —

o

Bel (mS)
Bc2 (mS)

i - 12
2 3 4% 5 3 7 8
Step increase in load

| ==——Bci(mS) ==Bc2(mS)

Fig: 5.1F Converter succeptances tor resistive loads
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It cam be seen that the above DC voltages are well within the intended range. For a

particular commercial application, initially, the range of converter clements in ulF

and mH has to be known 1o the designer. Although the adaptive converter is nol

required 1o deliver 1O values representing the capacitance or induclance of these

elements, the values can be manuvally calculated and shown in fig: 5.12.

Converter
capacitance

1500
- - 1000
.—-.-"3{/ - 500
--1.—?-‘._._-—0
2 3 4 5 6 o 10

Step increase in load

| ™ Cc{uF}

= Le{mH) "

Converter

inductance
(mH)

Fig: 5.12 Vanation of converter elements values with resistive boading up to L0 Kw

In fig: 5.13 and 5.14. for a load of 500 W, one sci of simulated values is followed

by u sel of after comapensaiion load voliages.
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Fig: 5.13 Voltage compensation for a 500 W heating element
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[t can be scen that the above DC voltages are well within the intended range. For a
particular commercial application, initially. the range of converter elements in uF
and mlIl has Lo be known Lo the designer. Although the adaptive converter is not
required 1o deliver DC values representing the capacitance or induclance of thesc

elements, the valucs can be manually calculated and shown in fig: 5.12.
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|
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Fig: 5.12 Variation of converter elements values with resistive loading up to 1.0 K'W

In fig: 5.13 and 5.14, for a load of 500 W, one sel of simulated values 13 followed

by a set of atter compensation load voltages.
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Fig: 5.13 Voltage compensation Tor a 500 W heating element
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Fig: 514 Terminad voltages captured for voltige compensation with 500 W rcsistive load

The second set of results is for pure inductive loads. In this experiment a range of
inductors (0.2-1.5 H) has been tested in five steps. The average reactive power per
phase of the load has been measured and compared with those obtained from the

nstruments. The results are shown in lig: 5.13.

500
400 T ———
300
200
100 —

Rms and average
reactive power

Step increase in load

|—B1.r instruments ™ By Adaptive Compensator

Fig: 5.15 Reactive Power measuremend using RMS values [ average vabues

The load succeptance readings using instruments and the compensator have been

shown in fig: 5.16.
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Fig: 5.16 Load succeplance measurement using instrementi/Adaplive Compensator

As it 18 expected, the converter elements have the same value and are both

capacitive. Fig:5.17 shows Lthe measured variations versus load inductance/phase.
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Fig: 5.17 Vartations of converter elements for a pure inductive load
Although the vahies are well within the anlicipated range of accuracy, the situation

is highly unstable and impractical. The main reasen is the lead resonating with the

converter clements,
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With sufficient confidence in the accuracy of the adaptive compensator with
individual resistive and inductive load, a combined load can then be tested. The
linal sel of resulis is collected for a three-phase induciion motor of 750 W at 220
V {della connected). The loading 1s constanl m steps such thal the molor line
current 1s increased by 0.1 A, The no-load current is 2.6 A The maximum
availablc load corrcsponds to a line current of 3.4A. tig:5.18 shows the varialion

of load conductance and succeptance with the phase current.
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Fig: 5.18 Changes in motor conduetanec and succeptance with input current

The wariation of converier’s succeptances versus load current has been

demonstrated in fig: 5.19.
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Fig: 5.19 Converter variation of succeptances under various loading conditions

The actual values of converter passive elements are plotted in fig; 5.20.
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Fig: 5.20 Variation of converter clements with load

several loading steps have been tested. The actual values of Bel and Be2 have

been magnified by a factor of 1000 in order 1o make useful activaling signals. The



problems experienced in designs such as in fig: 5.6 are the rapid saturation of the
outpul voltages. Also small output voltages up to onc volt are difficult to measure
and use as activating signals. For cxample, small values of load resistance cause
the DC equivalent value of B, which is equal to ~~3G-B, to saturatc almost
immediately and an attenmation factor of 1/2, 1S3 or /4 has to take over
automatically. Various op-amp configurations with avtomatic variable gain have
to be incorporated.

Several loading stages have been setup with the converter appropriate
succeplances in place and satisfactory balanced load vollages have been achieved.

At the end of this chapter, the scope-captured load-voltages at half-load and [ull-

load have been shown in fig: 5.21 and 5.22.

Fig: 5.22 Load voliage at full-load
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With the final goails of the thesis accomplished at this pomt, the next and final
chapter of this thesis presents an investigation on the concept of “Real-Time
Simulation.” The technigue came (o the author’s attention towards the end of this

report. Nevertheless, it has been a true eye-opener and well worth the nme and

efforl spent on it.
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Chapter 6

6.1 Standard versus Virtual Measurement

The analogne boards previously designed for mathematical calenlations of load
and converter succeptances, have some drawbacks, which lead to discrepancies
belween the values of the real and simulated coutputs. The main sources ol error

are attribnted to,

1. DC offset vollages and currenls from integrated curcuits are
accumulative and compensation is often inconvenient if not impoessible,

2. the output sigpals from varions integrated citcuits can saturate. Care
muyst be taken to avoid this, otherwise lhe measurements become
invalid.

3. the main supply voltage is hardly ever a pure sinionsoidal waveform.
This is due to unevenly distributed single-phase loads. harmonics, dips,

sags, ele.

In the non-real time simulation environment, (although to a large extend the
inaccuracy of the components can be accounted for), it is impossible to genecrate
accuraie signals representing the supply distortions normally encountered. For
example this can be seen in the supply voltage on a good day at some parts of

LCastern-Cape. Wavelonus and harmonic contents are shown in fig: 6.1,
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Fig: .1 Wavetorms and harmamic comtent of the mains at Eastern-Cape Technikon, Fast-
London
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A different approach o climinate the above sources of error and prototype a
passive-element converler 1s a PC-targel solution. This is a “Model-Based Design”™
technique in which the load voltages and currents can be fed in to a “Real-Time
Simulation™ environment through data acquisilion cards. A vanely of eleclrical
quantitics such as currents, voltages, active and reactive powers, Fourier analysis,
and THD can then be measured, Theretore, such powerful tool also eliminates the
nced for the actual measuring equipment during the prototyping stage. Based on
the model’s structure, real output signals can be generated and be vsed (o control
exlermal hardwiare such as TCL TSC and saurable reaclors.

The concept and architecture of “Real-Time simulation™ in conjunction with
“Virtual Instrumentation” and their powerful funetionality is explained in details

in appendix 1.5a.

6.1.1 Preliminary tests

In order to demonstrate the usefulness of this approach, a simple test is conducted
10 determine the accuracy of signal processing through the input compared with
the signal at the output, Due to the speed of the computer processor, the highest

possible sampling rme s of 0.2 ms (5.0 KHz). This is shown in [g: 6.2.

Scopa
! Analog [ Analog
: ‘\._,/ Trput [ cutput
Sinec Wﬂﬂ Analog Input Gain ina_‘l_-n:r ouktput

Channel 1 i Channel 1

Fig: 6.2 Accuracy test for the C10-DAS 1600 data acquisition card
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The signals are captured before entering the “analog mpwt channel” of the data
acquisition card and at the oulput of the “analog output cannel.” The two traces are
identical and shown in fig:6.3, For clarity in comparison, a phase shift has been
added.

Fig; 6.3 Signal processing and accuracy of data capturing in Yirtoal Instruomentation

Second lesl aims al Virtual Measurcment of current harmonics. With reference to
chapter 4 section two on page 70, a model based on Founer analysis 1s used o
measure the current harmonie content of the reactor’s AC current in real-time and
comparc them with the corresponding voltage harmonics. This will possibly bring
out some verification in to the theory of harmonic succeptances and can
demonstratc weather the harmonic reactive power and the corresponding
succeptances of the load at varions harmonic frequencies can be measured directly
and accuratcly in the frequency domain. or the time domain and average valucs arc
the only possible approach.

Fig:6.4 shows the layout of the model. It can be set to odd multiples of the supply
[requency and measure the magnilude and phase angle of the individual harmonics

of the current and voltage waveforms. For the pwpose of this experiment, the
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saturable reaclor and the related hardware used previously have been used again.
Although the mains harmonics are nol constant throughout the day, the changes
are small and can be neglected. The reactor has been driven in to saturation and for
different AC currents the magnitude and phasce angle of odd current harmonics

have been captured and compared with those of the supply voltage.
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Fig: 6.4 Virtual Mcasarcment of individual voltage or current harmonics

‘The ahove mode] can be expanded to measure the most dominant odd harmonics

of the supply voltage at the same time, The expanded model is shown in fig: 6.5.
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Fig: 6.5 Virtual measurement of odd order harmonics of supply voltage
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Magpnitude of the fundamental, 3", 5" and 7" harmonics are plotted in fig: 6.6.

Fig: 6.6 Fundamental and odd harmanic content of the supply voltage

vV
By vsing “-.i’_n the calculated percentages of the first three odd harmonics are
1

1.1%:, 0.25% and 0.48%. These are in complele agreement with the measurement

using Vectograph m fig:6.7.

Fig: 6.7 The muains voltage harmonic measurement with a Yectograph
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Generally, there is no ruling on the phase shifl of the voltage harmonics in relation
with the fundamental component. If reactive power measurement is taken i the
frequency domain the harmonic succeptances ¢an be measured provided a phase
shift of m/2 Radians exists between the reactive current harmonics and the
corresponding voltage harmonics.

The assessment of current harmonics and their phase angles is initially not an easy
task due to the [act that there are no alternative ways for such measurements 1o be
compared with, 'The following model is used to compare the current harmonic of

any order with the cotresponding source veltage harmonic.
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Fig: 6.8 Comparison between the voltage and current harmonics

[nitially, in the absence of DC excitation, the source voltage and current

waveforms in fig:6.9 show that the reactor forms a pure inductive load.
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Fig: 6.9 Supply volcage and reactor current with no DA cxcitation.

The firsi test is carried out for the third order harmonic values. All the magnitudes

arc reduced by a factor of 100,

e

Fig: 6.10 Magnitude of the 3rd order voltage and current harmonics
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Fig: .11 Phase angles of the 3rd order voliage and current harmonics

In fig:6.10, the magnitude of the current harmonic 1s nearly 1/3 of that of voltage
harmonic and in fig: 6.11, a phase difference of nearly 90 degrees exists between
the voltage and current harmonics.

The measurements for the 5™ and 7% order voltage and current harmonics can be

found in appendix 1.5b.

It can be anticipated that the worst-case scenario would be in a saturaled core. In
fig: 6.12. a specific DC cxcitation has halved the saturable reactor’s AC coil
reactance. This automatically doubles the AC current. The magnitude of the
current harmonics naturally and by tar execeeds those of the voltage harmonics.
Additionally, the 90 degrees phase shift between the voltage harmonics and the

corresponding current harmonics does not apply any longer.
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Fig: 6.12 The supply vollage and the AC currend for saturated core

The captured results l[or the 3, 5" and 7" order harmonic content of the supply

voltage and line current are attached in appendix 1.5¢c.

Other saturation levels and harmonic orders have been (ested. The results show
consistently and conclusively that for highly inductive loads such as reactors, any
slight saturation in the core material causes the reactive current harmonics to be
shifted from their position and hence any measurement on harmonic succeptance

of the load at a specific frequency will become invalid.

A final model can be used to measure the complete THD of the reactor’s AC

current. ‘The model is shown in fig: 6.13.
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Fig: 6.13 Mceasurement of THD for reaclor AC current

The abowve model can be used [or single-phase measurement or cascaded lor three-
phase measurcment. The only limitation is the capability of the minning computer
processor, The THD of the AC current through a saturated reactor with a DC

excitation of 1.OA is measured al 24% and shown in tig:6.14.

Goopel

Fig: 6.14 The THD und AC current
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Fig: 6.15 shows the variation of the THD versus AC coil current,

Fig: 6.15 Vuriation of % THD for AC coil current

The harmonics generated in the line currents are directly the results of the core
saturation. It is interesting to notice that the THD increases up to a maximum of
25% and then starts decrcasing towards lower values.

In the next scction of Ihjﬁ_{ﬁiﬁlﬁtﬂ-l', the “Real-Time Simulation” is used to model

and test an adaptive compensator.
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6.2 Adaptive converter and Real-Time Simulation

Modeling of three-phase balanced loads and caleulation of the required parallel

susceptances to generate and maintain a balanced three-phase supply can be

achieved using “Real-Time Simulation™ with all the hardware in the loop.

The imvestigations carried out in previous chapters proved that in applications

such as small water pump, the use of a saturable reactor in the adaptive

converter is neither necessary nor economical. However, not all loads have the

same characteristics as water pumps. There are many applications such as

mixers in the bakeries and woodworking machinery where the required torque

by the load changes continuously. Hence, the ship varies and consequently the

converter susceptances have to be adjusted accordingly. This chapter aims at

modelling the above category of loads. The saturable reactor is brought back to

the following designs and used as a variable source of inductive susceptance.

Yoltuge
Senser

Current
Sensor

I(R)

Current
Sensor

I(Y)

=

Data
Acquisition
Card
DAS-1600

Prototyping
and Real-
Time
Simulation

DC coil of
Saturable
BReactor

=

Step
Controller

———

s

Thyristor
Switched
Capacitors

Fig: 6.16 Prototyping with Real-Time Simunlation and hardware in the loop




The model of fig: 4.10 on page 76, has been expanded to measure the rms values
of the active and reactive power. Additionally, the load power factor can be
momiored.

For the purpose of this section, first a series of three-phase delta-connected
resistive loads, and then two different sizes of three-phase induction motor with
different kind and size loadings have been utilized. For all cases the oscilloscope
captured signals have been presented.

The simplilied version of the model is shown in fig:6.17.
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U':RY:' Zaturatiend
Anal
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UoRphLarBoatds
C1n. DASIEGI-12 [S40h}

Fig: 6.17 Modeling of a three-phase load using Real-Time Simulalion

The additional gain and saturation blocks protect the nput and oulput A/D and
D/A channels. The complete cxpanded prototype can be seen in appendix 1.54.
The output range of D/As are scaled for 1.0 'V to be equivalent to 0.1Henrys and

1.0 uF for the respective converter elements.
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The first sct of DC equivalent output voltages versus load power for resistive loads

are presented in the following graphs.,
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Fig: 6.18 Variation of converter inductive element with load active power for resistive loads
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Fig: 6.19 Variation of converter capacitive element with load active power for resistive load

Evidently, low kW resistive loading requires high inductive rcactance from the
compensalor. The capacitive reactance requirement is linear and increases with the
load power. Sinee capacitors are cheaper and more casily available, this type of
compensation for resistive loads would be more economical for high load kW
ratings.

The following resulls are caplured for a resistive load of 200 W/phase, Similar

results for SO0 and 900 W/phase are shown in appendix 1.5e.
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Fz: 6.21 Real-Tine DC cquivalents of the convertor dlements at 200 W load

The actual output oscillescope captured values are shown in lig:6.22.
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Fig: 6,22 Oscilloscope capturcd D} cquivalents of the converler elements for a 200 W load
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Finally, the aller compensation hne vollages can be seen m Ny:6.23.

A T e R L e L A L L AL ]
— 3 - :
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Fig: 523 After compensation load vollages Tor 200 W load

With satisfactory resulls on resistive loads. the perlormance ol the prototype lor a
dynamic load such as a three-phase induction moetor can now be investigated.
Initially and once only, the moter has (o be operated with 4 three-phase supply al
no-load and full-load so that the range of the values of converter elements iy
determined. This ehminates the need lor open circuit and locked rotor fesis on the

mator.

Tirst motoris 1.1 KW and is tested with an eddy-current breaker as load in lixed
step loadings. The followings are the results ol the no-load up 1o lull-load values
for the motor paramelers and the converter elements.

No-load conditions

The active and reactive power of 40 W and 260 VArs represent the true and

accurate per phase powers of the motor. Traces are shown in fig6.24 and 6.25.
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Fig: 6.25 Load active power measuremend at no-load conditions

Using standard digital meters, measurcments lead to the following calculation.

SGVlcosp _V3%220%1.6%0.2

"
A 3

P =465 W

The answer confirms the reading ol [ig:6.25.
The proportiongl DC values for the compensator inductive and capacitive efements

are shown in fig:€.26. As previously explamed, for load power factors lower than
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0.5 (lagging}). both clements are capacitive. The negative valucs in fig:6.26

indicale capacitive elements.

Fig: 6.26 Real-Time simulated proportional D values for the compensator elements at no-
load condilions

The scales are selected so that each 1.0V represenis 10(.0mH and 10.0 uF. Hence
from Fig: 6.26, voltages of 0.8 and 2.3 V should activate 8.0 and 23.0 uF. The

actual oscilloscope (races of the output signals are shown in fig:6.27.
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Fig: 6.27 Oscilloscope caplured DC voltages proportienal to the compensator elements
under no-load conditions
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The circuit diagram of fig:6.28 is thc motor cquivalent at no-load with the
converler elements connected to 1l. Afler compensation ling currents are captured

in fig:6.29.

Z/ph
B.ﬂuF /phase

e —
f\f .' = l = =t 2/phase
=== -

23. 0uF : z/phase

Fig: 6.28 Motor eguivalent and the compensatar valoes at no-load conditions
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Fig: 6.29 After compensation line currents at no-load conditions

The loading is increased in (1.2 A steps. The variation of the converter’s clements
with the load power lactor is of particular interest. These are shown in fig:6.30 and
f.31.
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Fig: 6,31 Variation of compensator eapacitivefinductive element with load power factor

Finglly The variation of these clements with ling current can be scen in fig: 6.32.
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Fig: .32 Variation of converier elements with line current



The patterns of the above graphs are similar to those of fig: 5.20.

The second motor tested is a 750 W induction motor coupled lo a DC generator.
The generator is loaded with 100 Watts light bulbs. Incrcasing the load causes
relatively large terminal volt-drops. This is due (0 armalure resistance and
ultimately the small size of the generator. Nevertheless, the loading of the
generator is considered to be at 100W steps. TFig: 6.33, 6.34 and 6.35 show the
variation of the compensator's clements with the motor’s power lactor and

variation of converter elements with load steps respectively.
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Fig: 6.33 Variation of compensator capacitive element with load power Factor
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Fiz: 6.34 Variation of compensator capacitive/inductive element with load current
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Fig: 6.35 Variation of converter clemenis with line current

Several poinis on the above set of values have been set up and tested. The “Real-
Time simulated™ vilues of average active and reactive powers, converter elements
DC ecquivalents and finally the afier compensation terminal voliages for the
corresponding loads have been caplured. Fig: 6.36. 6.37 and 6.38 show such

valhues at no-load conditions.

Fig: 6.36 Average active and reuctive power at no-load conditions
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Fig: 6.37 Converter element D cyuivalent valses at no-load conditions (1.25 ul and
2.8uF)
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Fig: 6.38 Driving motor terminal voliages at no-loagd

The rest of the capturced loading valucs can be found in appendix 1.5f. The
percentage unbalance can be measured using the modificd version of fig:2.1.1 on
page 12,

Afler introducing the appropriate phase shifts, the model calculates the rms valucs
of the positive and negative phase sequence vollages and produces an accurate

value of the percentage unbalance in the line vollages. See [ig: 6.39
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Fig: 6.39 Modified version of the model for measurement of positive and negative phase
sequence voltages

As an example, fig: 6.40 shows the measurcment for the loading of 00 Watts on

the generator set,

- e

e o i o e e o e .

Kip: 6.40 Real-Time captured values for phase sequence and voltage unbalances

A voltage unbalance of 5% is measured 1n the nuddle window, which i1s within the

acceptable limits.
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In the “Real-Time Simulation™ environment many other types of measurcments
can be taken and any concept or theory related to this report can be protolyped. As

for adaptive passive-clement converters, this chapter is now completed.
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Chapter 7

Conclusions

The successful operation of a passive element adaptive converler depends on two
main factors. Firstly, accurate modeling of the load and dynamic measurement of
its parameters and secondly, rapid adjustment of the converter elements to suit the

above load parameters.

The type and size of these passive elements used for voltage compensation must
be determined first in order to establish the cost. For a single or a group of
resistive loads, passive-element voltage compensation 1s most economical. It is
interesting to know that for dynamic loads with poor power factor, voltage
compensation of this nature is well-worth considering. For the most common
category of dynamic loads (three-phase motors), the nature and the size of such

passive elements depend highly on the load torque-slip characteristics.

The results on two types of motor ioadings (centrifugal pump and M-G set with
variable static 1oads on the generator) have shown clearly the differences between
these load requirements for voltage compensating elements, In the casc of a
centrifugal pump, the converter elements have to be of correct value at startup and
full-load conditions. However, the rate of change of intermediate values of the
converter clements is not critical.

For the loads with constant torguc demand increasing or decreasing in steps, the

change of motor parameters falls into a narrower range. It has been experimentally
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proven that in such cases, even if the driving motor starts from standstill, it only
requires parallel succeptances coresponding to a specific load condition. One
would assume that with a large size motor of perhaps 10 KW or more and due to a

much larger inertia and lenger acceleration time, this might not necessarily apply.

With a better understanding on the influence of different load categories on the
nature and size of the compensator, it is unfortunate that building a general
compensator for a wide range of three-phase dynamic loads would prove bulky,
expensive, and hence impractical. However, for a specific size motor and loads of
different characteristics attached to it, prototyping with “Real-Time Simulation”
can be vsed to directly measure the load parameters and evaluate the range of
values for the converter elements. This way a tailor-made compensator with large

reduction in cost and volume can be constructed.

With the use of a fast computer and an appropriate data acquisition card equipped
with four or six analogue output channels, any other load parameter such as active
and reactive power. power factor or other parameters can be conveniently

measured in real-tima,
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Recommendations

[n the first load application reviewed, (centrifugal pump), the most economically
viable way of replacing a single-phase drving motor with a three-phase motor,
would be to use the method shown in fig; 7.1, A fixed inductor for the final no-
load or full-load speed (which are very close to each other) can be used as the first

element. The second succeptance should consists of capacitors being switched on

or off in two or three-steps. The number of steps depends oo the size of the pump.

Fig: 7.1 Recommended m‘m:er layout for small size centrifugal pumps

In the hardware constructed for the centrilugal pump the back-back thyristor
blocks were deactivated in six steps of 30.0 uF cach. For a small pump of 1.0 kW
or less, the number of deactivation steps can be reduced from six to three with no

major effect on the motor starl up performance.
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FFor other types of load with constanl lorque requirement, the two-element passive
converler can be suitably tailor-made for a specific kW rating motor, Referring to
fig: 5.20, 6.51 and 6.54, it is recommended that for the converter to stay small in
size and cost effective {for commercial applications), it should be applied to
motors with loads that change only a lew percent from full-load. The converter
would then consist of a fixed inductor (1.1), and three TSCs (SW1, SW2, S8W3) lor
full-load conditions. Fine- tuning can be done lor smali load tluctuations through
SW4 and SW5. Furlhermore, by connecting additional parallel capacitors (C,, C;
and C) across all three phases, the overall size of both elemenis would be

reduced. The proposed layout in shown in the following diagram,

Fig: 7.2 Recommended converter layout for loads with small degree of fluctuations from
full-load
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Appendix 1.1

Matlab programs



1) Calculation of pumps motor parameters for the range of speed

clear:
f=50: {Frequency of supply)
fi=2s (Pole pair number)
ns=( 12046}/, (Synchronous speed)
nr=1:10:3000; (Range of shafl speed)
s=[ns-nr]./ns; (Slip)
Zm=[(-1529.6%s+1867.31%1)./(9.4+206.35%g*1)]

+{8.64+7.7%1); {Motor impedance as a function of s)

Lm=(1mag(Zm))./(2*p1¥*50}; (Inductance per phasc)

Rm= real{Zm);
p-f=cos(Rm./abs(Zm));

{Resistance per phasc)
{Power lactor)

x1=-[real(Zm).*2+(imag(Zm).*2)]*1./| (imag(Zm}

-sqrt(3 y* (real{Zm)))1;

(Reactance ol the {irst
compensative element)

x2=[rcal(Zm}. 2 +(imag(Zm) *2)*1./] (imag{Zm)

+sqri(3)*(real(Zm))}];

Le=1000%(imagi(x1 n./(2¥m*50);

Ce=1000000./(2*pi*50%imag(x2));

plot{nr,.Lm}
Plot{nr, Rm)
plot{nr, Zm}

(Reactance of the second
compensative clement)
([nductance of the  first
compensative element)
(Capacitance of the second
compensative element)



2) Calculation of converter elements with extra parallel capacitors
connected with each phase of the load.

clear;

nr=10:10:2950; (Range of speed)

=50, (Frequency of supply)
pP=2; (Fole pair number)
ns=(120%1)/p; {Synchronous speed)
s=[ns-nr)./ns: (Slip)
Zm=[(-1520.6%4+1867. 31 1A 9.4+206.35% % 1)+ 8.6+7.7%1); (Motor impedance)
Lm=(imag(Zm))./(2*pi*50): (Induclance/phase)
Rm=real{Zm}; {Resistance/phase)
p.f=cosiRm.fabs{Zm)): (Power factor}
C1=0,1c-4; (1O uF in parallel)
Xel=-[1/2*pi*50+C1]*i; Capacilive reactance
Zil=[(Zm*Xcl ) AZm+Xcl)]; (Total

impedance/phase}
x 1=-[real(Zt1}. 2+ (imag(ZL LA 2™ (imag(Zi 1)-sqrt( 3)# (real{Zt 1))} ];
{Reactance of the [irst
compensative element)
x2=-[real(ZL1}.*2+(imag{ 71 1) A2/ (imaglZt 1 +syri(3 ) (real (Zt 1 )))]:
{Reactance of the sccond
compensative clement)

Lel=(imag(x1})./(2*pi*50); {mdoctance of the first
compensative element )
Cel=1000000/(2¥pi*50%mag(x2)); {Capacitance of the second
compensative clement)
C2=0.2e-4; {20 uF m parallel)
Xe2=-[1/(2*pr*50FC2) )*i: The cycle repeats itself.

Z2=[(Zm* X2 A Zm+Xc 2} ;

X 3=-[real(Z12}A2+(imag(Zi2). A *i1.A (imag (Z12)-sqri(3)* (real (Zi2)))1;
xd=-[rcal(Z12}.2+{imag(Z12) A 2)1* 1 (imag(Z12y+sqri(3)¥ (real (F12)))];
Le2=(abs(x3))./2%pi*50);

Ce2=1000000L/2 *pi* 50*abs( x4));

C3=0.3c-4;

Xe3=-[1LA2*pi*50+C3)]*i:

Z=[(Zm* e DA Zm+Xe 3},

K5=-|real{ Zt3 1. 2+ imagl Zt3). A 23 ¥/ (imag( Zi3)-sqr {3 {real(Z311)1]:
x6=-[real{ ZA3 L. 2+(1mag Z3). A2 *F LA (imag (Z3)+sgrt(3)* (real (Z13)))]:
Le3=(abs{ x5N./(2%pi*507);

Ce3=1000000./2*pi*50*abs( x6));



Cd4=0.4e-4;

Xcd=-[1./Q2*pi1*50*C4)]*i;

Zi4=[(Zm*Xc4)./(Zm+Xc4)];
x7=-[real(Zt4)./2+(imag(Zt4).A2)]*i./[(imag(Zt4)-sqrt(3)*(real(Zt4)))];
x8=-[real(Zt4).A2+(imag(Zt4).A2)1*i./[(imag(Zt4)+sqrt(3)*(real (Zt4)))];
Lc4=(abs(x7))./(2*pi*50);

Cc4=1000000./(2*pi*50*abs(x8));

C5=0.5¢e-4,

XcS5=-[1./(2*pi*50*C5)]*i;

Zt5=[(Zm*Xc5)./(Zm+Xc5)];

X9=-[real(Zt5). 2+(imag(Zt5).A2)]*i./[(imag(Zt5)-sqrt(3)*(real (Zt5)))];
x10=-[real(Zt5).72+(imag(Zt5).A2)1*i./[(imag(Zt5)+sqrt(3)*(real (Zt5)))];
Lc5=(abs(x9))./(2*pi*50);

Cc5=1000000./(2*pi*50*abs(x10));

C6=0.6e-4;

Xcb=-[1./(2*pi*50*C6)]*i;

Zt6=[(Zm*Xc6)./(Zm+Xc6)];
x11=-[real(Zt6).2+(imag(Zt6)./2)]*i./[(imag(Zt6)-sqrt(3)*(real(Zt6)))];
x12=-[real(Zt6)./2+(imag(Zt6).A2)1*i./[(imag(Zt6)+sqrt(3)*(real(Zt6)))];
Lc6=(abs(x11))./(2*pi*50);

Cc6=1000000./(2*pi*50*abs(x12));

C7=0.7e-4;

XcT=-[1./(2*pi*50*C7)}*i;

Z17=[(Zm*Xc7)./(Zm+XcT)};
x13=-[real(Zt7).A2+(imag(Zt7).2)1*1./[(imag(Zt7)-sqrt(3)*(real (Zt7)))];
x14=-[real(Zt7).”2+(imag(Zt7)./2)]*i./[(imag(Zt7)+sqrt(3)* (real(Zt7)))];
Lc7=(abs(x13))./(2*pi*50);

Cc7=1000000./(2*pi*50*abs(x14));

plot(ns,Cc2)

hold on

plot(nr,Cc3)

hold on

plot(nr,Cc4)

hold on

plot(nr,Cc5)

hold on

plot(nr,Cc6)

hold on

plot(nr,Cc7)



Appendix 1.2

Circuit diagrams for centrifugal pump
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Appendix 1.3

Circuit diagrams for adaptive compensator
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Appendix 1.4

Derivation of phase current for unbalanced supply voltage



Derivation of phase current in a three-phase balanced load supplied
with a single-phase voltage.

With reference to Fig: 4.2,

VR —VY =VRY =12.22 .................................... (H
also VYB = 13.23 and VRB =11.Zl ....................... (2)
The voltages around the load phases are: VRB = VRY + VYB ......... 3
At node A, IR = 12 + I1 ...................................................... 4
Atnode B, IY = 13 —12 ...................................................... (5)
Putting (1) and (2) into (3),

II.Z1 = 12.22 + 13 .Z3 .......................................... (6)
Since, Z1 = 22 =7 3> equation (6) can be divided through by Z,

I1 = 12 + I3 ........................................................ @)
Using equations (4) and (5) into (7),

IR—12=12+IY+I2 .............................................. t3)

IR—IY=3"‘I2 ................................................... 9)

1, = 'r ;IY ...................................................... (10)
Legend
I1 1y, I3 Phase currents
Z1 ,Z 2 Z3 Corresponding phase impedances
IR’ IY’IB Line currents

All the above terms are vector quantities, ie the phase angles are included.




Appendix 1.5a

Concept and architecture of Real-Time Simulation



Matlab 6.1, Real-Time Workshop, and the accompanying third party software
offer a real time development environment in which prototyping with hardware-in
the loop and simulation in real-time becomes possible. Attractive features of this

method of prototyping are:

o Data acquisition I/O cards are used to import the signals from the real
external hardware. For a low frequency application e.g. 50 Hz
fundamental and 1.0 KHz for the highest order of harmonic content, a
typical sampling rate of 5 to 10 KHz, provides an excellent miniature
duplication of the real signal.

e Real-Time measurement and contrel by using Simulink models that
mimic system dynamics, real-life measurement and actuation signals.
In the absence of expensive digital scopes and power analyzers, virtual
instrumentation of this kind is extremely useful.

o Interactive Real-Time parameter fuming allows the change of
parameters while the program is executing.

e The comversion of the model to C or ADA codes is done
automatically by the Real-Time workshop. These codes can also be

exported to other simulation programs.

Due to the above advantages, this technique can be applied to a variety of
applications such as, signal visualization, parameter tuning, real-time control and

real-time hardware in the loop simulation.

System Architecture

The general architecture of the modelling system is shown in the next page.



Before testing and applying the system to the converter, a clear understanding of

the various parts of the structure is required.

MATLAB / SIMULINK -

REAL - TIME WORK SHOP

VISUAL C/C ++ COMPILER

[- REAL - TIME WINDOWS TARGET |

I/ 0 BOARDS

BUFFERS

BAND-LIMITING FILTERS
§
EXTERNAL HARDWARE I

Fig : 7.16 Architecture of the prototyping system

Matlab/Simulink is used as the front-end to design any electrical/electronics

system by using block diagrams to develop models.

Real-Time workshop is activated with Simulink external mode of operation and

is responsible for generating C codes for models representing discrete-time,



continuous-time and hybrid systems. In essence this is a direct path from system

design to hardware implementation.

Third-party product i.e. a C-compiler is required to create executable code from
the C code generated by the Real-Time Workshop. Microsoft Visual C/C++

professional version 5.0 is recommended.

Real-Time Windows Target is an add-on product that extends the functionality
of the Real-Time Workshop. Integration between Simulink external mode and
Real-Time Windows Target allows the usage of any simulink model as a graphical
user interface.

In addition, this product provides support/drivers for nearly 100 different I/O
boards. A small real time Kernel is used with the Real-Time Windows Target to
ensure the real-time application runs in real time. The real-time Kernel runs at

CPU ring zero and uses the built-in PC clock, as it’s primary source of time.

Data Acquisition cards with D/A and A/D channels, have to be used to convert
the executable C codes to real signals available at the output terminals. The
available card for this project was CIO-DAS1600 from Computer-Boards with16
single-ended analogue inputs and two analogue outputs. The full specifications are

attached in appendix 1.6.

Buffers are used for every input and output analog signal to reduce possible heavy
currents drawn from the input isolating current and voltage transducers and/or
from the 1/O card.

Anti-Aliasing filters are used to band-limit the input signals and suppress any
possible spikes entering the card. '



Appendix 1.5b

Voltage and current harmonics in an unsaturated reactor



Fig: 7.17 Magnitudes of the 5™ order voltage and current harmonics

For a pure inductive load, the n™ harmonic currents must be of 1/n value of the
corresponding voltage harmonics. This is clearly shown in the above figure.

The phase angles for the same order are shown in the following diagram.

Fig: 7.18 Phase angles of the 5th order voltage and current harmonics



The phase difference is shown to be nearly 90 degrees.

Final test is for the 7™ order harmonics. The voltage harmonic has roughly seven

time the magnitude the corresponding current harmonics and the phase difference

between the two components is /2 Radians.

Fig: 7.20 Phase angles of the 7th order voltage and current harmonics



Appendix 1.5¢

Voltage and current harmonics in a saturated reactor



Fig: 7.22 Phase angles of the 3rd order vollage and current harmonics



Fig: 7.24 Phase angles of the Zth order voltage and currenl harmenics



Fig: 7.26 Phasc angles of the Tth order voltage and current harmonics



Appendix 1.5d

Expanded model for Adaptive Passive Element Converter
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Appendix 1.5¢

Real-Time simulated results for resistive loads
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Fig: 7.30 Real-Time DC equivalent of the converter elements at S0 W load
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Fig: 7.23 Oscilloscope captured DC cquivalcnts of the converter elements for a 9040 W load



Fig: 7.35 Line voltapes after compensation for 900 W load



Appendix 1.5f

M- Real-Time Simulated results



30 W _lad on the generator

Yie: 7.37 Converter element DC equivalent values at 300W load (1.75H and 10.6uF)

S00 W 1aad on the yenerator

Fig: 7.38 Average active and reactive power



Fiz: 7.39 Conyerler elemenl DC equivalenld valves al 300W hoad {1.15H and L3.0ulF)

S300%W lead on the gvenerator

Fip: 7.41 Converler element DC equivalent values al S00W load { 8.825H and 20.0uk)



Fig: 7.42 After compensated load voltage waveforms for 30W lmﬂ

Fig: 7.43 After compensated load voltage waveforms for 500W load

The rest of the lﬁad-mwﬁm appropriate converler values attached produce similar

whavelorins.



Appendix 1.6

Data sheets on C10-DAS 1604 data acquisition card from
“Measurement Computing”, voltage and current
transducers (LEMS ) from “Denver technical products™

and saturable core material by “Alloy Magnetic” Cores.



VN R VU [ S— |

— " Cirad

9 SPECIFICATIONS

4.1

CIO-DAS1601/12 & CIO-DAS1662/12

Power conswmption

+3

Analog inpar section

AT converler {ype

Resalution

Programmable ranges
CIO-DAS16M A2

CIO-DART 60212

AD pacing

Buratrnole
Data transtar

Potarity

Wumber of channels
Intermupts

Interrupt enabla
TnlerTupt sources
DALA

Trippet sources

A1 conversion fime
Throughput
kA

DT-Commect (mvlti-channel)
DT-Connect {single-channel)
Differential Linearily errar

[ntegral Linesrity error

Mo missing codes guarantecd

Crainy dnit
Fero drift

Input leakage current (E25 Deg (7}

Input impedance

Absolute maximum input vollape

1.4 A typleat, 2.1 A max
ATDSTEDD successive approximation
12 hits

10V, 1V, HLIV, 2001V, Qo 10V, Oto 1V, (ko 0.1V,
o001y

210V, £5V, 2.5V, £1.25V, 01010V, Oto 5V, 01 to 2.5V,

Dto 125V

Programmalde: external savrce (Dind, positive edge) ar
intermnal counter (positive or negative edge, jumper-select
able} or soltware-pollad

4 ps

From 512 zample FIFC} via mierrupd, DMA, DT-Connect to
extetnal memory board or software polled
Unipalar/Bipalar, switch selectable

8 differential ar 16 single-ended, switch selectable

2107

Programmalile

End-of-conversion, terminal count (DMA)

Channel 1 or 3

External hardware/sofhware (DInd)

3.3 s

160 kHz

230 kH=

330 kH=

+1 158

+] LS8

12 bits

60 ppm/~C
+160 ppm©C

200 nA

Min 10 Mepohma
+35Y

34



Analog Output:
Resclution

MNumber of channels
Tt bype
WVoltags Ranpes

Cffset error

{Fain ermor

Differential nonlinearicy
Integral nonlinearity
Monotonicity

HA pacing
Datus iransfer

Throughpai
Slew Rate

Current Drive (P07
Crutput short-eirewit duration
Ouiput coupling

Cmiput impedancs

Miseellaneos

Drigital Input & Output

Dipital Type (Digital 'O connector)

Configuration

Mumber of chanoels
Crtput High

Cratput Low

Tnput High

Input Liras

Digital Type {Main analog connector)

Ontput
Input
Configuration

MNumber af channels
Ciatput High

Output Low

Input High

Input Low

12 bits

2

WO(T348

10V, £3V, 0 to 5V, 0 to 10Y or user delined range belween
0 and 10%, Each channal independently configurable by
Jmmpers,

Trimmabie to (b by potentiometer
Trimmable ta & by potentiometer
+] LSE max

+| L5B max

Guaranieed monetonic

Soltware paced

Double buffered software transfir, update on write to MSB
register.

System dependent, sollware paced.

3% s

+5 mA min
Indefinite

o

{+.1 Ohms max

Tiouble-buffered gutput katches

R2CA5 (not applicable on -P5 versiong)

2 hanks of &, 2 banks of 4, programmable by bank as input
or gutput

2410

3.0 volis min @@ —2.5 mA

0.4 volts max @ 2.5 mA

2.0 volts mun, 5.5 volts absolute max

(L8 volts max, -0.5 volts absolute min

T4LE157
T4L5244
4 fixed input, 4 fixed output

8

2.7 volts mm @ 0.4 mA

0.5 volts max (@ 8 mA

2.0 volts min, 7 volts absolute max
0.3 wolts muax, —.5 volis absalute min
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Counler section

Counter type #2054
Configuration 3 dewn-counters, 14 bits each
Counter 0 - Independant, user configurabie
Souree:  Programmable - Internal 100 kiTz or external (CTRO Clock Ind
Jata; Extarnal (Dlnd)
Output:  Available at user connector {CTRO Cut}
Countar 1 - ADC Pacer Lower Divider
Source: 1 or 10 MHz ospillator (jumper selectable)
Gate: Tied to Connter 2 gate, progranumnable sourcs.
Output;  Chained to Counter 2 Clock,
Counter 2 - ATIC Pacer Upper Divider
Source:  Counter 1 Output
Gate: Tied to Counter | gate, programmaable source.
Output: ADC Pager ¢lock

Clock mput fraquency

High pulse width (clock nput)
Low pulse width (¢lock inpuf)
(Gate width high

Gate width low

[mput low vollape

Input high voltags

Output fow voltage

Chrtput high voltage

Envirunmental
Operating temperalure range
Storage temperaturs rangs
Hurmidiiy
Waight

9.2 CID-DASI62/EG

Fowel comsumption
+5

Analog input section
A converier [ype
BResolution
Prograrmmable ranges

AT pacing

Burstrnods
Diata transfer

Polarity

10 MH 2 max
30 ns min
30 s min
S0 s min
50 s min
08V max
2.0 min
0.4V max
308 nmin

0 oy S0
—20 to 70°C

{ to 90% non-condansing
11.2 oz (320g)

1.4 A typical, 2.1 A max

ATISTROS successive approximation

16 bits

10V, £5V, 2.5V, +1.25V, 0w 10V, 0 10 5V, 0 10 2.5V,
0t 125V

Programmable: external source (Dind, positive edge) or
intermal counter {positive or negative edge, jumper-select
able) or software-palled

133 us

From 512-sample FIFO via interrupt, DMA, DT-Connect ta
external memery hoard or sofiware polled
Unipolar/Bipolar, switch selectable
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Current Transducer LA 55-P/SP1

PN
For the electronic measurement of currents : DG, AC, pulsed...,
with a galvanic isolation between the primary circuit (high power)
and the secondary cireyit (elactronic circuit).
| Electrical data B i
ly,  Primary nominal rin.s, current 50 #  Features
I Primary current, measuring range 0. +100 A
R, Meazurng resiztance @ T,=7CC | T, =853C ¢ Closed loop (compermated) cument
T O LR transducer using the Hall effect
willh + 12 % @ + BOA e o 25 o 210 63 s Printed circuit .tlﬂﬂrlj muunt[ng
@L100A 6 35 6 30 o 2 °* |nsulatr_ed rlastic case recognized
with £ 16V @t 50A B 335 |30/ i Acoeiding lo UL 84D,
@m+100A . O 85 |20 8 %]
) Special features
l$M Secondary nominal rom.s. curent 25 b,
K, Conversion rallo 1 2000 sl = 0. +100A
'S Supphy voltage {+ 5 %) 1. 15 Wooow K, = 12000
L, Current consumotion 10418+ 1, mA
vV,  Rm.s woltage for AG isolation test, 50 Hz, 1.mn 25 kv Advantages
| Accuracy - Dynamic performance data | = Excellent sccuracy
X Accuracy @, .T,=25°C @15V(£5%) 085 £ ol
@#12. 15V (5% +0.80 % R e,
c Linesirity <015 u « Ootimized resoonse time
& ' & YWide frequency bandwidth
Typ | Max = Np inzerion Iozses

I Offset current @ £, = 0, T, = 25°C £010 ma » High immunity to axtemal
., Resikual current " @ 1_= 0, after an ovedoad of 3¢ | + 018 mA interference

G +70°C (2005|2025 mA
-25'C .+ B5°C £ 0.05|2 030 mA

L Thermal drift of 1, » Current averdved sapability,

- Reaction time @ 10 % of I < 500 ne Applications

t Responae time @ 90 % of |, <1 TE]

difdt  difdt accurately followed = 200 Alus *+ AC variable speed drives and servo
f Frequency bandwidth (- 1 dB} CC .. 200 kHz motor drives

v Static converiers for DO motor drives
| + Bakery supplied applications
i = Upninterruptible Power Supohies

General data o

T Arnbignt oparating berperature -25 ..+ B5 g0 (UPS)
T Ambient storags lemperature -40 .. +90 T . éwitched Mode Fower Supplies
R, Secondary coil resistance @ T,=70"C 145 4] (SMPS)
T,=85°C 180 i = Power supolies for welding
m Mass 18 g

applications.

Standards EM 50178

MNetes @ ' Reault of the coercive fisld of the magnetic circuit
A With & dirdt of 100 Afys
g list of corrgaconding tests is available
aa81130/8

LEM Components wWiww . lem.com
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Voltage Transducer LV 20-P b, = 10 mA

For the slectronic measurement of voltages | DC, AC, pulsed...,
with @ galvanic isolation betwaen the pimary circuit (high voltage) PN
and the secondary circun (electronic cirouil)

l
Y
o
n
o
Lo
<

g .
b
| _Electrical data - _ il
L Frimary nomingl r.m.s, current 13 ma  Features
L I5imany current mea8urifig Tange Tor 4 A
R, Weasuring resislanse Ry R, s s Clpsedloop (compansated) voltags
wilhe £ 12 W &= 10ma_ a0 196 0 transdicer usinf;gtne e uﬂel::t
@+ 14 m'ﬂ";m. a0 100 o u Jnsula'[leu plastic casa rocognized
Wit + 15 ¥ @ I0mA_ 100 350 Q accoeding 16 UL 94 V0
@1 1amA__ w190, \Upeimizen
[ SEcandary aeming T Current 25 mA Prinuiple of use
K,  Coasersion i 2500 1009
v Supply vpHage (x5 %) +12..13 Y e Foe voltags maasuremeants a curren
I Currant consumphon 10@I5V) g A groporticna toe the megsured voltage
v, R.m.s voltage ol AC isolabon 281", 50 Mz, 1 mn 75 LA must be passed through an external
: e o : resislof R, which is selgcted Dy the
| Accuracy - Dynamic performance data uger and ingtalled in series wih ine
' primary eircuit af [he transduecer
X, Oweral Accuragy @1, T,=25°C @+'2 15w x4t e
Grei5V(EB%) +10 % Advantages
C. Linearity ~02 %
Typ | Max = Excaliant mlzcuralcy
I, Ottsetcument @1, =0 T, = 25°C £020 ma * Very goodiinaarity
L,  Thermal grif uflq 0°C +25C [:010[£030 ma ¥ LOWInermalanf
2 IS'C. +70C  [+014}z0.40 ma ¢ Lowresponzetime
: = High mandawigth
t, Respanse tme™ @ B0% ol ¥, ., &0 M s High immunity ta external
; b ey £ i interfercaca
L}?'E“'Efa’ data HI # Low disturbance 1 comman made
T, Arntnent oparating IEmperotu re g +70 2 Applications
T, Ambient s1orge IRMpersture -2h . + 83 0
(L Arimary coil resistence @ T, =70°C 250 L) = AC varinple £paed diives and sena
R, Secondary coit reststanes @ T, = 7070 110 4] motor grives
m Maks 22 a & Stalic conyerters fur OO motor doves
Srangards Y En SOTTFA & Baltary suppiied apphcanons
¢ Unintesruptible Powar Supplies
[UPS)
= Fower Suppies forwelding
— : apptestions
leglos - * Hetwaen prmary ang sacondary
“ R, = 25K (LR constlant, produces by te resistance andinductanca
af the primary cirevit)
& ligl of correspand g 1asts 15 availabls DABEING

LEM Components - " ww v lmrm e
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pimensions LV 20-P (amm 1 mm = 0.0394 inch)

Bottom view Right view Top 'n.ul'umurl
’——‘B—| 74 00.635M0 e
| e C 1
: k . + 3 T
I l
: ﬁ LT -HT ! ]_Eﬁmsm
~ : o mnde
s Y
2N 8 : Cé
| Fxaimn : LV 20-p
H - & ) o3 daoo !
£8 EEs: o LR
. . /NN
e Ax -:.__52 - *"—EM—FM Stardara 00 Year YWesk

or WY &F
Secondary terminals

Tarmnzl + | =upply voltage + 12 13V
Terminai M | measure
Tafminal . gupply valtage - 12 .15 Y

i' ' Connaction

2055
Tl

E:
s

+ —ar

=" J

kv,

; "

i Back view

fMechanicat characteristics Remarks

v Caneral toferance =07 mm PhoE positive when ¥, is applied o0 terminal 5™

* Fasterung & cannectinn of grimany 2 pens » tHiz i A sfandard madal Far aiffarent versiane [soppey
Q8 ¥y DBIE mm viltages, furns rabos unidirechonal measufemeants

» “astereng & conpection of seeondary 3 pthe B 1 mm pigase contact L5,

* Recommended FCE ngla 1.2 i

mEtrychons for use gf the voltsge fransducor model LV 20.P

Famary resustor R, tho trangducor's o imum agouraey i omamed at the nomms! oimary cumend As mech as posskle. R1 MUt e

TACIAGIEd fo Ihat e roonEl vadagt i DB Mepswe ] Coraapende o @ pimary cusant o1 0 md

Feamgle. Vonage ta be measued ¥ = 250 W AR =25WHIZE W, =ImA Arcuracy =+ 1 %ol ¥_ (@ T, = v 25'0)
BIR, BORGILZSW, I = SmA Apcutacy = ¢ 2% ol V_ (@ T, = 250

Upkrating range (recommended) | taking irg gtoourt Ihe resstance of the primany windings (which must iemain izw compared o R inorder

o kitep thermal deviation o5 jow 32 possitle) ang he (aolation thus tTarsducor is aurabls e messuing nomeal vallages irem TG g 500

LEM rogarups the fight (o carny out modifications on itz ransducers 'n order (o improve tham, withuut previous rolice

DENVER TEE;I#I}G&E
PRODUCTS
P, Box 75310, Gnll-l"l“ﬂ il ew 2T
Tal, (011] ARG-2023
Fex [011) B2& 2009

|1 g =P
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3.1  Table of Physical Sizes: Single phase cares for shell type transiormers in GOSS

L 4  Tabelle physikalischer Groessen: Einphasige Kerne fuer Hamenmnsmmo!ﬁiquss

i
-

Code Vit

Y ~ | ST il ey~ Lol R (R - P ) @ —d

™

1

O GRG0 0 0000

1
:
I

CE3 4,128

Marinel

Arenl Walghy
Sel Sal
{em?) {kg}

HNatto- Henn-

fiaechs' pewicht!
Set Set
{em®) {kg)
Area Peso

Hela/ Nominalf
Set Sel
{cm®) Lhg}
5,84 Q.72
a12 1,36
11.40 210
14.25 251
17.10 314
16.00 5.20
BATS 681
28,50 Ted
3562 253
41,32 1360
4560 1832
.15 2327
G4 98 2754
RN 3450
ara1 43,77
a7.47 6472
106 02 BE.78
86.3 100,44 TEES

4 For Bobbing see sectlan 8.1.2

=3-1

& COPYRIGHT



AMC

Economy Rangs: 0,5 mm
NOSS Single Phase

L=
C-Cores

it is possible to manufasture cores
m non-grain orignted silicon steels

for appiications where superiar
maghetic praperties are not requined
‘]e g. walding transformers, b thess
nazas, the use of NOSS in strip waund
comes affords competitive prices to
lamunation packages, while offeting
]savinga in handling and assembly time
and Improved electric performancs.
These C-Cores have baan designed to
:[suita bobbins usead in lamMinations.

o

g
R .
1,681
—  CH4500 1 862
et CHSE0 2103 o5

Gama Economica:
Micleos “C"
Monofasicos;

mm ANSO* (NOSS)

3.2 Praisguenstige Bauserie: 3.2
Einphasige NOSS

C-Kemne, 0,5 mm

Kerne koennen auch aus
nicht-kormerentiertam Sillzlumstahl
hergestellt werden. Diese findan
Arwendung in Gabisten, in denen
kaine hochwedtigen magnatischan
Elgenschaftan nostig sind, z.8. fusr
Schweisstransformatoran, NOSS
bandgewickelten Kemnan ist prai
im Vargleich zu Laminlerungen; I
ist lelchter zu behandein und
rontieren, und bistet verbesserts
elekilzche Lelstung. Digses C-Ker,
sind gaelgnet fuer Spulen, dle In
Laminiarungan varwendat werden,

anufacturar ndclens de
it fUe no poseen Granc
i para apllcacium—::_s en dend

fiarmpo ¢

fies ndcleos
S para e

s Uzadas en
{mmj} Flux Areal Weight/
Fath Set Set
{cm) ferm?) (kg)
Kraftfluas- Faechefl Gewlcht/
wegq Set Set
{cm) {em?) {ka)
sminates {mimj Camino de Areal Pezof
Fiujo Set Set
D E F {em) (cme) (ka)
114 87 169 J7.5 18.62 564
114 &7 1648 375 2328 7.05
114 &y 189 I7.5 26,60 7.5
114 &7 164 375 2783 845
121 111 181 428 a45.34. 12.30
121 i 141 42.8 4418 15,36
121 111 181 428 50.07 17.43
s 165 125 250 44,6 53.44 2a.87
445 165 183 250 448 G156 26,36
a4.5 165 123 250 446 B¥.69 2947

_ T ForBobbing sée P8 - 5 Undar eode 246
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9.0 Performance Curvas

L GOSS

~Magnelic Fioperties ascording to
a:aclficatinns ctnforming to AIS|
" ®gtandards,

S0SS is guarantesd in terms of s

Jmaximum cora foss at alther 1.5 T or
1.7 T and at 50 Hz. Induction is
guarattesd at 800 Afm.

it american |ron and Stee| Institule.

(.

9.0 Leistungsdiagramme 9.0 Rendimisnto de Curvas

9.1 GOSS SG0* {GDSS)
Magnetischa Elgrenschaftan [aut
Speazifikationen sind confarm mit AISA®
Maomen.

Hgnéticas de acuerdo
nes an copfarmidad

Max. Etsenverlustwerte von GOSS sfnd
auf 1.5 T oder 1.7 T und 50 Hz fixier,
Wir garantlaran Indukiion bal 800 A

" Ametlcan lron

rianted Silicon Stae

I = Amencan Iran and Stesl

Estituto Amercano del Hierro

%:Cars Loss at 50 Hz Min Induction
at B0O A/m, T
attenvarust bel Minimale Induktion
el 800 A'm, T
Inducaldn A/M, T
af0t Am, T
1.77
108 1.88
117 1.84
1.32 1,80
1.39 1.80
MNOTA:

Tungean laut JIS C 2250- 1986 Lo= experimenics son |levados a cabg
Mothodsn; diese sind last ASTM A4 de acuerdo a los métodos JIS © 2550 -
glelch, Praben werden aus der 1986, |os cuales son practicamente los
Laengsrallrichtung genomemen, dann mismes qua en ASTM A 34 usando
ausgeqlusht, um max. magnstische muestras que han sldo tomadas
Eigenschatten zu entwickeln, langitudinalmente a ka direccidn dal

laminader para lueno sa recocidas
desarrollands sus propledades
magnéticas al maxime.

0 COPYRIGHT
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%
l i Core Loss {lron Losses) - 0.3 mm GOSS - Tested at 50Hz

I 4 Kern Verlust {Eisenverlust) - 0,3 mm GOSS - Getestet bei 50Hz
4, Pérdidas de nucleo {Pérdidas de Hierro} - 0.3 mm ASGO (GOS5S) Copelado a 50H
(KL S m ; oo gy :
o [ ! If If I
l | E iz ok # { i
' L e | ¥ -"rl &
1,8 Tofoids/inMNad /| /1
— — : : 7 7 7 |
I ~ ElFErsram
! T L
1"? - A B, H '. I|l' IIII,'#_ : 'r
- Forgids ih s | ! |
s ikid .__J_rr'_.}, I.-"I | o _i
3 1.6 t I. In'i- ."If o .?II. !_ H
] |tV [ ¢ Coresinjme
a v £Lzhy H Ilf;._-_....f_.._ e
1 15 <
I
14
] 1,3i__

Feak Flux Density (Tesla)

[
1

o

1
w__ I

-

i
|

Iron Loas (Watts:kg)

100

5 COPYRIGEHT
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Magnetising Characteristics - Toroids (n 0.3 mm GOSS - Tested at 50Hz

magnetisierung Eigenschaften - Ringkerne mit 0,3 mm GOSS - Getestet bei 50Hz

Caracteristicas Magnétizantes - Toroidales en 0,3 mm ASGO ((G0SS) - Copelad

g oy 18

18 | . , p—— —
f.f' |
J 1,8 ;
I —
J Fe |
1.6
!
- | ;
| | 2l
1.5 '
t |
l ) 1.4 |
Hawange for Gdp
i { i
I 13 .
!
I 1,2 +
k & |
= 99 . L
I £ |
\ m
' g
i - 1.0 ' ;
I ,E : c G
| b: ]
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Appendix 1.7

Setected photographs



Fig: 7.44 Set up at UCT

Fig: 7.45 Thyristor switched capacitors



Fig: 7.47 Saturable Reactor and driving cireuitry



Fig: 7.48 Data acewisilion 2 rd

Fig: 7.49 Interfacing hardware and signal conditioning



Fig: 7.50 Saturable reactor



Appendix 1.8

Air-gap analysis and calculations



[ntroduction of air-gap reduces the permeability by causmg the shearing over
of the B-H loop and by doing this, effectively, replaces some of the amper-
turns provided by the DC coil. Usually, inserting an air-gap is a permanent
arrangement and since the objective of this practice is to vary the permeability
of the core, air-gapping, was kept as the final tool to fine-tune the core

permeability for the final steady state value of the AC coil reactance.

The calculation of the air-gap flux and length 1s as follows:
O=BA=075%0.001=0.75 mWb
The figure 0.75 T s the selected minimum flux density for the core matcral
and air-gap in the complete absence of DC excitatien.
In a magnetic circuit, the reluctance of any section is calculated Irom:
.
u.A

Where / is the average length of the flux path,

Hence for two air-gaps ineach loop: § = Si-—e—  AUWD
G 47,10 7 *(L001

i, =471077 is the permcability of free air.

. , 0.333-(21 ;) /|
So for the restof the core: Spppe = 46° = 7400 - ———
0.045*%0.001 4.5%10

The figure 0.045 for permeability is from the B-H graph for B value of 0.75 T.

In general the mmf is related to reluctance and flux by F = NI = Hl = S®
Hence: NI =®(S,. +S5...) At

In the complete absence of DC excitation which corresponds to minimum flux,



] e
F=250%1.37=0.75*10"" — A0 4 7400 40
L4710 *0.001 45*107 )
21 1% 21 G

456.666.67 — 7400 = —— e

1.257*10 4.5%10°

I..(9.0%107 =2.514%107" ;

463 Ty 4 : —"=|.59|*IU”.”;
5.6565*107"

lie = 2823710 Y m=0.2823 mm

449 266 .67 =

Experimentally, 0.3 mm of air-gap optinused the performance of the reactor






