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Abstract

This paper investigates the saturable transformer from modeling and control
point of view. After implementing the Simulink model of the three phase transformer
simulation of a three phase, two-winding transformer is used to examine the
transformer under two operating conditions.

The first is the secondary terminal short circuited and the second is the
secondary terminals connected to a non-unity power factor load to verify the results
obtained with those predicted from any analysis using the equivalent circuit. The
graphical user interface is used for modeling transformer parameters, obtaining the
results, check the stability of the control system, the settling time, the Bode plot,
Nyquist and Nicols chart finally recording all currents, voltages and phase shift
between them in the steady state condition, initial values of states variables for the
nonlinear circuit parameters.

Keywords: Transformer, Mutual inductance, Magnetic coupling, Magnetic field,
Saturation, Modeling, Control and Simulink.
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List of Abbreviations L11 The self inductance of winding 1.
E1 Induced voltage in winding 1. L12 The mutual inductance of w; to
E2 Induced voltage in winding 2. Wa.

11 Induced current in winding 1. L21 The mutual inductance of w; to

12 Induced current in winding 2. Wi.
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L22 The self inductance of winding 2.

N1 No. of turns of winding 1.

N2 No. of turns of winding 2

Pm  The mutual path of permeance

Al Turn times the total flux linked in
winding 1

A2 Turn times the total flux linked in
winding 2

Introduction

Fundamental to any control system is
the ability to measure the output of the
system, and take the corrective action if
its value deviates from some desired
value. Different transformer models
have been developed for steady state
and transient analysis of power systems.
Some of these models have nonlinear
components to take into account the
magnetic core saturation characteristics
so that harmonic generation can be
simulated™. Juan A. Martinez et al.”?
presented a summary of the most
important issues related to transformer
modeling for simulation of low and
mid-frequency transients. Stanley E.
Zocholl et al. B! presented a power

transformer model to  evaluate
differential element performance and
they also analyzed transformer

energization, over excitation, external
fault, and internal fault. A.K.S.
Chaudhary et al. ™ listed some of the
uses, advantages, disadvantages, and
limitations of modeling of protection
systems. This report includes some
models of instrument transformers and
the possible need to model instrument
transformers. There are different
approaches for transformer modeling
and solutions: the matrix models use an
impedance or admittance formulation
relating terminal voltages and currents;
the equivalent circuitry models often
use simplified Tee circuit whose
elements values are derived from test
data; the duality based models account
for core topology and the connection

®1 Total flux linked by each winding
for turn

®11 The leakage flux component of
winding 1

17 12 The leakage flux component of

winding 1 to winding 2
®m The mutual flux to both winding

between electric and magnetic circuits.
Although the latter two model types can
also be presented in matrix format, they
are easier to understand from a circuit
point of view. In electronic circuitry,
new methods of circuit design have
replaced some of the applications of
transformers, but electronic technology
has also developed new transformer
designs and applications in it's simplest
form. It consist of two inductive coils
which are electrically separated but
magnetically linked through a path of low
reluctance®. D.V. Otto et al.l) presented
the problem of transformer saturation in
the DC-isolated Cuk converter and a
novel open-loop damping technique is
developed to  control transformer
saturation. Jiuping Pan et al.! proved
that the current transformer (CT)
saturation leads to inaccurate current
measurement and, therefore, may cause
malfunction of protective relays and
control devices that use currents as input
signals. They introduced an efficient
compensation algorithm capable of
converting from a sampled current
waveform that is distorted by CT
saturation to a compensated or control
current wave form. F. Islam et al. ® used
Artificial Neural Network (ANN) of
parallel transformers for controlling
secondary voltage in power system in a
complex problem.

The two coils possess high mutual
inductance. If one coil is connected to a
source  of alternating  voltage, an
alternating flux is setup in the laminated
core, most of which is linked with the
other coil in which it produces mutually,
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induced e.m.f, ( according to
Faraday’'s Laws of Electromagnetic

e=Mdl/dt)®. If the second coil
circuit is closed, a current flows in it
and so electric energy is transferred
(entirely magnetically) from the first
coil to the second coil. The first coil, in
which electric energy is fed from the ac
supply means is called primary winding
and the other from which energy is
drawn out is called secondary
winding™*.  The main uses of
electrical transformers are for changing
the magnitude of ac voltage, providing
electrical isolation and matching the
load impedance to the source they are
formed by two or more sets of
stationary ~ windings  which  are
magnetically coupled, oftenbut not
necessarily with a high permeability
core to maximize the coupling by
convention. Transformers come in a
range of sizes from a thumbnail-sized
coupling transformer hidden inside a
stage microphone to giga watt units
used to interconnect large portions of
national power grids, all operating with
the same basic principles and with many
similarities in their parts!*#*3*4!

Model of Two Winding Transformer
Flux Linkage Equations

When leakage fluxes are included, as
illustrated in Fig. (1), the total flux
linked by each winding may be divided
into two components, @®m, that is
common to both windings, and a
leakage flux component that links only
the winding itself. In term of these flux
components the total flux linked by
each of the windings can be expressed
as:

As in an ideal transformer, the mutual
flux , dm is established by the resultant

mmf of the two windings acting around
the same path of the core. Assuming that

N, turns of winding 1 effectively link
both ®m and the leakage flux ,®,,, the
flux linkage of winding 1, defined as the

turn times the total flux linked, is:
%=N1®1=N1(®11+(Dm) (3)

The right side of Eg. (3) can be
expressed in terms of the winding
currents by replacing the leakage and
mutual fluxes by their respective mmfs
and permeances. The leakage flux, @, is
created by the mmf of winding 1, Nii,,
over an effective path permeance of P,,,
say . And the mutual flux, ®m, is
created by the combined mmf,
N,i; + Noi,.

The resulting flux linkage equation for
the two magnetically coupled winding ,

expressed in terms of the winding
inductances , are:

A =Ll Ly e 4)
Ay =Ly 4+ Lol e (5)

The induced voltage in each winding
is equal to the time rate of change of the
winding's flux linkage, expression given
in Eq. 4, the induced voltage in winding
1 is given by:

da, di,
e=—=L,—+L,—=
e
The voltage induced in winding 1 can
also be expressed as:
d(i, + (N, /N,)i,)
ml dt ..

Whether it is just for convenience
of computation or out of necessity, as
when the parameters are only measurable
from one winding, often quantities of the
other winding are referred to the side
which has information available directly.

.......... (6)

di
&=l i+l A7)
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This process of referring is equivalent to
sealing the number of turns of one
winding to be the same as that of the
winding whose variables are to be
retained explicitly. For instance, the
current N,i, /N, is the equivalent value
of winding second current that has been
referred to a winding of N, turns,
chosen to be the same as that of winding
1. Denoting the referred value of
I,(N,/N,) by i, ,Eq. 7 become:

1%01‘”2) ............ (8)

Similarly, the induced voltage of
winding 2 may be written as

di d(N,. .
ez:Lzzd_t2+Lmza[N_lll+|2J""(9)

The voltage e, can also be referred to
winding 1, or scaled to a fictitious
winding of N, turns, using the relation

given in EQ.8, Eq. 9 can be rewritten
into the form:

di
€ = Lild_tl+ L,

di; d,. .
e,=L,—=+L , —(i,+iy)......... 10
o= Lyt b g () (10)

The terminal voltage of a winding is
the sum of the induced voltage and the
resistive drop in the winding. The
terminal voltage for winding 1 is given

by:

. . di d. .,
U=l 16 :|1r1+|-11d_t1+|-m1&(|1+|2)

Instead of writing a similar equation
for the terminal voltage of winding 2, it
will written it in terms of quantities
referred to winding 1 first side™*8}
Equivalent Circuit Representation

The form of the voltage Eq. 11
with the common Lm, term suggests

the equivalent T-circuit shown in Fig.
(3) for the two-winding transformer. In
Fig.(3), the prime denotes referred
quantities of winding 2 to winding 1.

For example, i, will by the equivalent
current flowing in the winding having the
same number of turns as winding 1,
Equivalent in the sense that it will
produce the same mmf, N,i,, in the
common magnetic circuit shared with
winding 1, that is N,i; = N,i,. This is
apparent from the ideal transformer part
of the equivalent circuit. Similarly, the
referred voltage, V, satisfies the ideal

transformer  relationship, V,/V, =

N,/N, in the practical transformer,

unlike that in an ideal transformer, the
core permeance or the mutual inductance
is finite. To establish the mutual flux, a

finite magnetizing current i, —i,, flows
in the equivalent magnetizing inductance
on the winding 1 side Lm,.

The value of circuit parameters of
winding 2 referred to winding

2
, N
, I[N:j Fy e (12)
2
N
Lo, Z[Nl] Ly, oeeeeeeeenemnnes (13)

If it is required to include core losses
by approximating them as losses
proportional to the square of the flux
density in the core, or the square of the
internal voltage e, shown in Fig. 3, an

appropriate core loss resistance could be
connected across e,,, in parallel with the

magnetizing  inductance, L. The

resultant equivalent circuit would be the
same as that derived from steady-state
considerations in the standard electric
machine. An arrangement will be
described by which the voltage and flux
linkage equations of two winding
transformer can be implemented in a
computer simulation. There is, of course,
more than one way to implement a
simulation of the transformer even the
same mathematical model is used. For

19
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example , when using the simple model
described in the earlier section, we
could implement a simulation using
fluxes or currents as state variables.
Note that the equivalent circuit
representation of Fig. 3 has a cut set of
three inductors. Since their currents
obey Kirchhooff’s current law at the
common node, all three inductor
currents cannot be independent. The
magnetizing branch current may be
expressed in terms of the winding
currents, i, and i,, as shown. In our

case, we will pick the total flux
linkages of the two windings as the state
variables. In terms of these two state
variables, the voltage equations can be
written as:

. 1 d¥,
U =Lt ——— 14
1 1'1 a)b dt ( )
b g
uz—|2r2+ioI 2 e (15)
@, dt

Where ¥,= 0,4, , ¥,= o,4,, and
o, s the base frequency at which the
reactances are computed!®1718]

Incorporating Core Saturation into
Simulation

Core saturation mainly affects
the value of the mutual inductance and
to a much lesser extent, the leakage
inductance. Though small, the effects of
saturation on the leakage reactances are
rather complex and would require
construction details of the transformer
that are not generally available. In many
dynamic simulations, the effect of core
saturation may be assumed to be
confined to the mutual flux, path. Core
saturation behavior can be determined
from just the open circuit magnetization
curve of the transformer. With core
losses ignored, the no load current is
just the magnetizing current Further
more, with only no load current flowing
into winding 1, the voltage drop across

the series impedance, 1, + jol,, is
usually negligible compared to that
across the large magnetizing reactance,
P¥m =ol,,. Since the secondary is
open-circuited, i,  will be zero, thus
Vi in the unsaturated
region, the ratio of V. /I IS
constant, but as the voltage level rises
above the knee of the open circuit curve,
that ratio becomes smaller and smaller.

Updated in the simulation using the
product of the unsaturated value of the

~
~

mrms zml

mrms

magnetizing inductance, y,,""", the
small voltage drop across the r+jx,
can be neglected, thus V. ~E -

When the excitation flux is sinusoidal the
value of A¥ will be positive in the first
quadrant. The relation between AY,  and

l}’ unsat OI’

m
the open circuit magnetization curve of
the transformer.

¥ %" can be obtained from

m

Instantaneous Value Saturation Curve
The open circuit magnetization
curve of the transformer can be obtained
from the results of an open circuit test.
With 1, =0, the applied sinusoidal
voltage, V,, to winding 1's terminals is
gradually raised from zero to slightly
above it's rated value Usually, the
measured rms value of winding 2's
output voltage and the measured rms
value of winding 1's excitation current |,
that is V, vs, I, are plotted since all
variables in our simulation model are
referred to primary winding 1 and are of
instantaneous rather than rms value. The
correction for saturation, AW should be
expressed in term of the instantaneous
variables referred to the primary winding.
The measured open circuit secondary
rms voltage can easily be referred to the
primary side using the turn ratio, that is :
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The relation between the peak
value of the primary winding flux
linkage and the peak value of its
magnetizing current can be obtained by
the following the procedure. Beginning
with the open circuit curve with rms
values referred to the side of the
winding that will we use in the
simulation and distinguishing the rms
values by upper case letters and the
instantaneous values by lower case
letters, mark on the rms open circuit
curve.

Simulation of Two Winding Transformer

The simulation of two winding
transformer can be set up using the
voltage input, current output model
described earlier in this work. Core
saturation can be handled using either a
piece wise linear analytic approximation
of the saturation curve, look up table

between W _**' and A¥. For example

check the decay times of the dc offset in
the input current or flux against the
values of the time constant for the
corresponding terminal condition on the
secondary side, with saturation and
without  saturation. Compare the
magnitude of the currents obtained from
the simulation when it reaches steady
state with those computed from steady
state calculations. Energization of one
phase of a three-phase 450 MVA,
500/230 kV transformer on a 3000MVA
source. The transformer parameters are
asin Fig. (5).

In order to comply with the
industry practice, you must specify the
resistance and inductance of the
windings in per unit (p.u.). the values
are based on the transformer rated
power Pn in VA, nominal frequency fn
in Hz, and nominal voltage Vn, in

Vrms, of the corresponding winding. For
each winding, the per unit resistance and
inductance are defined as:

Repuy=RE (17)

L( p.u)m ............................. (18)

The base resistance and base inductance
used for each winding are:

2
&w=%¥- .............................. (19)

R ase
R — (20)

For the magnetization resistance Rm, the
p.u. values are based on the transformer
rated power and on nominal voltage of
the winding 1. The saturation
characteristic of the saturable transformer
block is defined by a piece-wise linear
relationship between the flux and the
magnetization current as shown in Fig. 2
and the simulation result as shown in Fig.
8. Therefore, if you want to specify a
residual flux phiO, the second point of the
saturation characteristic should
correspond to a zero current as shown on
Fig. 2(b). The saturation characteristic is
entered as (i, phi) pair values in per unit,
starting with pair (0,0). The Power
System Block set converts the vector of
fluxes ®pu and the vector of currents Ipu
into standard units to be used in
saturation model of the saturable
transformer block 1161718 19.2021] a5 shown
in Fig. 4 and the complete results are
portrayed in Figs[ 7, 8 and 9].

Concept of the Control System

In control engineering, the way in
which the system outputs respond in
changes to the system inputs(system
response) is very important. The control
system design engineer will attempt to
evaluate the system response by
determining the mathematical model of

21
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the system transformer as shown in the
above Equations!??!

On-Off Control

One of the most adapted and
simplest controllers is undoubtedly the
on-off controller, where the control

variable can assume just two
values,Umax and  Umin  depending on
control error signal. Formally the
control law is defined as follows :
u if e>0
U= e, (21
u,, If e<0
The control variable is set to its

maximum value when the control error
is positive and minimum when it is
negative. Generally ,u_. =0 (off) and

U, =1(on). The main advantage of the

on off controller is that a persistent
oscillation of the process variable
(around the set point) occured®.
Implementing a circuit breaker are
very important to control the circuit
with non zero internal resistance. The
operation of the breaker deals with two
mode according to the state of the
integrator which is another part of the

control circuit of the transformer
operation  especially against  the
saturation ~ windup  through  the

controlling the saturation upper limit
and the saturation lower limit. Internal
initial condition source and external
initial condition source. Internal mode
with (0.6 p.u) initial condition are used
in this work as shown in Fig. 8. The
initial value of the flux depends upon
the initial condition of the integrator.
The overloading protected against is a
consequence of the differential between
the volt-seconds supplied to the
transformer core from one direction as
opposed to the other direction, which
differential, in turn, causes the flux level
to integrate up the B-H loop resulting
initially in unbalanced primary winding

currents and ultimately in a premature
saturation of the transformer core in one
direction®. A simulink logical signal is
used to control breaker operation when
the signal becomes zero the breaker
opens and gradually closed with the
increasing of the signal ®** The switching
circuit generates a control signal to
control the switch and regulate the output
of the power converter in response to the
first signal. Because the pulse width of
the flyback voltage is short at light load,
the detection circuit is designed to
produce a bias si?nal to help the flyback
voltage detection®®. The control circuit
controls the peak value of the pulse
current generated in the secondary coil of
the high voltage controlling transformer
by controlling the primary coil current of
the high voltage controlling transformer
according to the change of the high
voltage output. Then, the control circuit
attains the stabilization of the high
voltage output by superimposing this
pulse having the controlled peak value on
the pulse in the primary coil of the
flyback transformer so that the high
voltage output level is kept constant®’.
Gain are another parameter of
controlling the operation of the
transformer(1/[230e3/sqrt(3)*sqrt(2)/2/pi/
50] was the gain applied to the circuit
with sample time of (-1) according to the
formula

Where k are the gain& u are the input.

Conditional Integrator Control and
Avoiding the Saturation
The most intuitive way of

avoiding the integrator windup is to avoid
the saturation of the control variable.
This can be done by limiting or
smoothing the set-point changes and/or
by detuning the controller (by selecting a
more sluggish controller). A classical
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effective methodology is the so-called

conditional integration. It consists of

switching off the integration (in other

words, the error to be integrated is set to

zero) when certain condition is verified.

For this reason, this method is also

called integrator clamping. The

following options can be implemented:

< The integral term is limited to a
predefined value.

< The integration is stopped when the
error is greater than a predefined
threshold, namely, when the process
variable value is far from the set
point value.

< The integration is stopped when the
control variable saturates, when (u =
u’).

< The integration is stopped when the
control variable saturates and the
control error and the control
variable have the same sign (when
u*e > 0)[1,28,29].

Stability Checking

In this section we presented
different kinds of graphs that were used
to represent the frequency response of a
system: Nyquist, Bode, and Nichols
plots. The critical point for closed loop
stability was shown to be the (-1,0)
point on the Nyquist plot . The (-1,0)
point has a phase angle of (-180) and a
magnitude of unity or a log modulus of
0 decibels. The stability limit on Bode
and Nichols plots is therefore the (0 dB,
- 180) point. At the limit of closed loop
stability
L (magnitude) =0 dB and © = - 180
The system is closed loop stable if:
L < 0dB ,O(phase) at=-180
© >-180 at L=0dB

Fig. (9) illustrates all the control
Figures (step response (normalized))
impulse response (normalized), Bode
plot, zero/pole configuration, Nyquist
and Nichols plot). Keep in mind that we
are talking about closed loop stability

and that we are studying it by making
frequency response plots of the total open
loop system transfer function. These log
modulus and phase angle plots are for the
open loop system.

Results and Discussion

Simulink/Matlab  isused  to
simulate the operation of three phase
transformer. The main difficulty in
modeling transformers is the variety of
transformer connections and the resultant
phase shift effects. The phase shift effects
must be simulated because they are an
important means of harmonic mitigation.
Experience shows that the best approach
is to model transformers as coupled
windings that have no predetermined
connection forms®Y. As in Fig. (2), over
voltage drives the peak operation point of
the transformer excitation characteristics
up to saturation region so that more
harmonics are generated also, harmonic
amplitudes increase with respect to
excitation voltage. In this case, the
magnetizing current of over excitation is
often symmetrical. Transformers may
generate harmonics under rated operation
condition (rated voltage, no DC bias).
Fig. (8) is a typical excitation currents,
voltages and flux wave forms of phase A
of a three phase transformer. It can be
seen that, except for fundamental
component, 3rd and 5th harmonics
dominate the current.

A symmetrical variation of the
flux produces a symmetrical current
variation between Imax and +Imax,
resulting in a symmetrical hysteresis loop
whose shape and area depend on the
value of max flux. The trajectory starts
from initial condition of the controller
(residue) which must lie on the vertical
axis inside the major loop. You can
specify this initial flux value phiO, or it is
automatically adjusted so that the
simulation starts in steady state®”. As
shown in Fig.(7) for the settling time

23
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within 2% and rise time from 2% to
90% criteria.  Fig. (9) shows that the
setting time is 0.071 sec, the poles and
zeros configuration of the system lies in
the left hand side of the S-plane which
means that the system is stable for
values of all parameters included. This
IS quite obvious in step, impulse
because the steady state error between
the input and the output has small value

(=0).

Conclusions

1. The time of switching (0.04 sec) can
be changed by adjusting the phase
angle.

2. The initial condition of the integrator
play a vital role in adjusting the
residual flux hence control the
transformer operation.

3. Presence of a dc component by
including a dc offset in the
sinusoidal input excitation

4. The leakage flux is produced when
the m.m.f. due to primary ampere-
turns existing between points.

5. At no load and light loads the
primary and secondary ampere-turns
are small, hence leakage fluxes are
negligible.

6. The terminal voltage of a winding is
the sum of the induced voltage and
the resistive drop in the winding.

7. Determining a control action based
on the onset of core saturation; and
implementing the control action to
control the magnetizing current in
the transformer.

References
1. Roland S. Burns, "Advance Control
Engineering" Butterworth -

Heinenmann 2001

2. Juan A. Martinez-Velasco, Bruce A.
Mork, "Transformer Modeling for
Low Frequency Transients — The
State of the Art", International

4.

10.

11.

Conference on Power Systems
Transients IPST 2003 in New
Orleans, USA.

Stanley E. Zocholl, Armando

Guzman, Daging Hou, "Transformer
Modeling As Applied To Differential
Protection”, Vol.1, 26-29 May 1996,
pp108 - 114 Vol.1.

AK.S. Chaudhary, R.E. Wilson
,M.T. Glinkowski, M. Kezunovic, L.
Kojovic, and J.A.  Martinez,
"Modeling And Analysis Of
Transient Performance Of Protection
Systems Using Digital Programs”, A
IEEE Working Group on Modeling
and Analysis of System Transients
Using Digital Programs DRAFT July,
1998

Yilu Liu and Zhenyuan Wang,
"Modeling of Harmonic Sources
Magnetic Core Saturation”, Virginia
Tech, Blacksburg, VA 24061-0111,
USA.

D.V. Otto ,A.P Glucina™ Controlling
Transformer Saturation in the DC-
Isolated Cuk Converter”, Electronics
Letters, 2 January 1986 ,Volume 22,
Issue 1, p. 20-21.

Jiuping Pan Khoi Vu Yi Hu," An
Efficient Compensation Algorithm
for Current Transformer Saturation
Effects”, Power Delivery, IEEE
Transactions on Oct.2004, Vol. 19,
Issue: 40n page(s): 1623- 1628.

F. Islam, J. Kamruzzaman, and G. Lu,
"Transformer Tap-changer Control
using Artificial Neural Network for
Cross Network Connection™, (409)
European Power and Energy Systems
- 2003.

B.L. Theraja ,A.K. Theraj, "Electrical
Technology ", 1988.

D. Irwin, J Wiley&  Sons,
"Engineering Circuit Analysis" 7th
ed. 2002.

Thomas and Rosa, "The Analysis
and Design of Linear Circuits",
Prentice Hall 1994.


http://www.calvin.edu/~pribeiro/IEEE/ieee_cd/Biographies.htm#yl
http://www.calvin.edu/~pribeiro/IEEE/ieee_cd/Biographies.htm#zw
http://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=61
http://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=61
http://ieeexplore.ieee.org/xpl/tocresult.jsp?isnumber=29530&isYear=2004
http://www.actapress.com/Content_Of_Proceeding.aspx?ProceedingID=241
http://www.actapress.com/Content_Of_Proceeding.aspx?ProceedingID=241
http://www.actapress.com/Content_Of_Proceeding.aspx?ProceedingID=241

Tikrit Journal of Eng. Sciences/VVol.17/No.1/March 2009, (16-27)

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Guru and Hiziroglu, “Electric
Machinery and  Transformers",
Second Ed., Oxford University

Press, New York, NY, 1988.
Furukawa" Stabilized High Voltage
Power Supply Circuit"1993.

G. Sybille , P. Brunelle, H. Le huy,
"Theory and Application of Power
System Block™, IEEE
Vol.1, Issue, sept 2000 pp774- 79
Vol.1

Casoria, S., P. Brunelle, and G.
Sybille, "Hysteresis Modeling in the
MATLAB/Power System Block
Sept.”, 2002.

D. Dolinar, J. Pihler, B. Grcar,
"Dynamic Model of a Three-Phase
Power Transformer”, IEEE Trans.,
Vol.PWRD-8, No.4, Oct 1993.

J. G. Frame , N. Mohan,
"Hysteresis Modeling in an Electro-
Magnetic ~ Transient  Program",
power apparatus and systems, IEEE
Transactions on Sept. 1982, Vol.
PAS 101, Issue: pp3403-3412.

S. Casoria "A Model of the
Transformer Core Hysteresis for
Digital Simulation Of
Electromagnetic Transient in Power

System",  Proceedings of the
IMACS, TCI-IEEE International
Symposium,  Laval  university,
Quebic city, 1987.

Andrew  Knight, "Basic  of

MATLAB and Beyond", 2000 by
CRC Press LLC.

H. W. Dommel, A. Yan, Shi Wei,
"Harmonics from  Transformer
Saturation", IEEE Trans.,

Vol.PWRD-1, No.2, Apr 1986.

A. Medina, J. Avrrillaga,
"Generalized Modeling of Power
Transformers in the Harmonic
Domain" IEEE Transactions on
Power Delivery, Vol.7, July 92.
Antonio  Visioli, "Advance In
Industrial Control”, Springer 2006.

23.

24,

25.

26.

217.

28.

29.

30.

31.

Jensen, Joseph C, "Transformer
Saturation Control Circuit for a High
Frequency Switching Power Supply”
NCR Corporation (Dayton, OH)
1977.

Al-Abbas, Nabil H, "Saturation of
Current Transformers and Its Impact
on Digital Over Current Relays",
Masters thesis, King Fahd University
of Petroleum and Minerals. 2005.

V. Brandwajn, H. W. Dommel,
I.Dommel," Matrix Representation of
Three-Phase N-Winding
Transformers for Steady-State and
Transient Studies”, IEEE Trans.,
Vol.PAS-101, No.6, June 1982.

J-C. Li, Y-P. Wu, "FFT Algorithms
for the Harmonic Analysis of Three
Phase Transformer Banks with
Magnetic Saturation”, IEEE Trans. on
Power Delivery, Vol.6, No.1, Jan
1991.

M. A. S. Masoum, E. F. Fuchs, D. J.
Roesler, "Large Signal Nonlinear
Model of Anisotropic Transformers
for Non sinusoidal Operation, Part II:
Magnetizing and  Core  Loss
Currents", IEEE Trans. on Power
Delivery, Vol.6, No.4, Oct 1991.
W.Xu and S.J Ranade, "Analysis of
Unbalanced Harmonic Propagation in
Multiphase Power Systems”, IEEE
2004.

Michael L. Luyben “Essentials of
process control’,  Mc Graw-Hill
1997.

Ta-Yung Yang, "Control Circuit
Including  Adaptive  Bias  for
Transformer Voltage Detection of a
Power Converter", 1998.

Graham C. Goodwin, Stefan F.
Graebe ,Mario E. Salgado, "Control
System  Design”, January 2000.


http://www.calvin.edu/~pribeiro/IEEE/ieee_cd/Biographies.htm#sjr
http://www.freshpatents.com/TaYung-Yang-Milpitas-invdiry.php

26

Tikrit Journal of Eng. Sciences/VVol.17/No.1/March 2009, (16-27)

b) Aresidnal flmx can be
specified berween poios
Imi-L

(3 Nomsidnal i can
te specified.

Fig. (1) Magnetic coupling of two
winding transformer

Fig.(2) Piece wise saturation curve
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Fig.(3) Equivalent current of two
winding transformer
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Fig. (8) Results of the saturable transformer
(Multimeter plots)
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Fig. (9) Control System response for the linear time invariant utility (LTI viewer)
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