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Abstract: - A new power digital voltage controller is described able to improve quality in power distribution
using real-time compensation of both slow voltage changes and quick disturbances as sags and swells.
Voltage control was achieved by means of a special transformer able to change the magnetic flux linked to
the secondary winding; moreover, secondary voltage was monitored through a feedback control managed by
a properly programmed micro-controller. The completely automated system includes a power section,
namely a special transformer, a power electronic section consisting of an inverter driven by an actuator, and

a digital section involving a micro-controller with implemented software. The capabilities of the proposed
voltage conditioner were verified by laboratory experimental tests performed on a specifically manufactured
prototype. Experimental results are reported and the behavior of the conditioner under different working

conditions is discussed.

Key-Words: - Electrical distribution systems, Power quality, Power systems control and automation, Voltage

conditioning.

1 Introduction
The whole concept of voltage quality in power
distribution has undergone great changes in the
last few years [2], [4], [5], [6], [8], [9], [13], [14].
In the past only shifts from rated values used to be
taken into account, whereas today a number of
anomalies must be evaluated. These anomalies,
commonly named disturbances, can be classified
as follows:

- long interruptions;

- short interruptions;

- micro-interruptions;

- slow voltage changes;

- sags;

- swells;

- harmonics.

Disturbances depend on a number of events, of
which the most important are:

» amospheric phenomena such as wind, rain,
snow, lightning, etc. [15];

* environmental conditions, mainly pollution;

» the diffusion of non linear loads causing
harmonic distortion and voltage fluctuations.

The herein described voltage conditioner has the
main aim to eliminate slow voltage changes, sags
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and swells [10], [11], [12], [17]. The suggested
voltage controller was derived from a power
conditioner proposed in the past by the same
author [1], now properly modified to achieve
better performance in voltage control, with
changes in both the power-unit configuration and
the previously adopted processing software.

The system is arranged in three main sub-systems,
namely a power electric unit, a power electronic
section and a digital electronic control, and
completed with a specifically implemented
processing software.

Voltage control is obtained without on-load tap
changers by varying the magnetic flux linked to
the secondary winding of a special transformer. A
digital feedback control system performs a
continuous on-line supervision of all subsystems
involved, and enacts voltage conditioning
whenever either slow or quick changes are
detected. All control actions are achieved by
means of a balancing inverter automatically
activated by the control system.

2 System description and modeling

The complete layout of the new voltage controller
is shown in Fig. 1.
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The power unit is controlled by a micro-processor
(uP) on the basis of information received from a
Data Acquisition System (DAS). TheP drives a

in its turn, works as an

actuator. The rated power of the inverter is small
when compared to that of the whole system. The
power unit consists of a special transformer
provided with a magnetic shunt able to deviate
part of the flux generated by the primary winding,

making it possible to control the magnetic flux

small

linked to the secondary winding.

inverter that,

The working principle of the proposed transformer
is shortly described in the following, assuming a

Mains

J
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single-phase machine for simplicity reasons. The
special transformer has three legs and four
windings placed around only two of the legs. Two
windings, placed on the first and third legs, work
as a balancing winding and a primary winding,
respectively. The other two windings, also placed
on the first and third legs, are connected serially
forming a secondary winding.

Fig. 2 shows the layout of the new electrical
machine.
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Fig.2 Layout of the power unit.
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Fig. 2 also illustrates the conventional directions
of both the currents and magnetic flux. The two
N,; and Ny windings - together forming the
secondary winding - musthave same-phase
electromotive forces. Assuming the electromotive
forces of theN,; andN,, windings ase,; andey,
respectively, te following relation can be written:

% 2621+e22

In order to obtain good results, it is necessary to
set theN,/N,; ratio as equal to the nominal ratio.
In addition, the number of dei in the N,
balancing winding mudbe established keeping in
mind that any increase in their number implies a
reduction in the magnetizing current. Finally, in
order to reduce the power flow in the balancing
winding, N, must be much lower tha,.

In order to better undeesid the behavior and
capabilities of the proposed machine, an
equivalent circuit must be defined so as to
simulate the machine providing important
indications for prototype design. In the first stages
the proposed equivalent circuit involved an ideal
transformer [3], but afterwards more precise
models were built by adding a leakage flux as
well as iron and copper losses.

The complete equivalent circuit of the special
transformer is shown in Fig. 3, while the
associated mathematical model is the following:
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The e@uivalent circuit of the special transformer
shown in Fig. 3 was conveniently used to
optimize the prototype design.

The prototype was further improved by reducing
both the power necessary for voltage control
actions, and the rated power of the inverter
connected to the compensating coil. Once the
prototype was built, a number of significant
operating conditions were investigated.
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Fig.3 Equivalent circuit of the special transformer.
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3 Evaluation of the parametersof the 110

equivalent circuit | |
When the non-ideal parameters of a transformer H fed
are known, engineers can optimize design using

equations rather than inefficiently wasting time in V. jX
testing laboratory physical implementations, 10
which means that designs could be optimized
before any implementation took place.

With reference to the equivalent circuit of Fig. 3,
the transformer parameters were evaluated by
means of open circuit and short circuit laboratory
tests performed directly on the built prototype.

Rfel

ML

O

Fig.4 Equivalent circuit as “seen” by the primary
when the secondary is unloaded.

3.1 Open circuit tests I

Open circuit tests allow to calculate derived 10

parameters a1, Rier, X1 € X1 | |
From specialized literature it is well known that

an open circuit test is performed by applying rated )

voltage to the supplied circuit while leaving the V., X)) R
other circuits open. Two tests were performed

supplying either the primary or the compensation

winding.

It is also well established that since under these o
conditions all series parameters and current
generators can be neglected, only the values of
parallel parameters need to be evaluatAd.
concerns the two open circuit tests, the equivalent

circuits adopted are shown in Figs. 4 and 5, _
respectively. The two laboratory measurement diagrams

adopted for the open circuit tests are shown in
Figs. 6 and 7, respectively.

(D
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Fig.5 Equivalent circuit as “seen” by the
compensation winding when the secondary is
unloaded.
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Fig.6 Electric scheme adopted for the open cirtesit when the supply is on the primary.

ISSN: 1109-2734 Issue 4, Volume 7, April 2008
176



WSEAS TRANSACTIONS on CIRCUITS AND SYSTEMS Francesco Muzi

)

Vr()» Ir(); Pr() L Power
supply
»
4—Pp N 9P
4—F 4—p Ny
q q4—F
4—-7>
D d
i -
— P Nr N] d
4—F 3 D
4—F P

Fig.7 Electric scheme adopted for the open cirtegit when the supply is on the compensation winding

3.2 Short-circuit tests reference to Fig. 8, the following relations can be
In order to compute the elements of the series written:

equivalent circuit, three short-circuit tests were
performed, each time with two short-circuited
windings and the third winding supplied with
reduced voltage.

Since under these conditions the derived elements E, +Z,.1,=0
can be ignored, only the series parameters needed

to be evaluated. E+Z | =0
The first test was performed with supply on the oot
primary allowing the computation o' as seen

at the terminals of the supply source. With

V,

e = Ziel e By
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Fig.8 Equivalent circuit with both the compensatiwinding and secondary short-circuited.
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Since:

N N,N
E, = N1 EZ_Nl szEr

12 21 Vr
itis:

N N,N
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1 Icc’ Icc N21 2 2 NZlNr

As concerns currents, on the basis of coil ratios
the following relations can be written:

Ir = krllloc +kr,21| 2+kr ,ZJ ‘
Iy =Kol e + Koy 1,
The solutions of the above system are:
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Z' can be computed by substituting these two
relations in equation (4) and then dividing by, :
: N,

-7 - k21,1+ k21rkr 1 ya
1cc 2cc
N, 1- kr ,21k21; - kr ,zk 21,

N1N22 krl + kr,21k21,1+ kr ,2£( 21,1-
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By substituting to all Kj guantities their
expressions, the (5) relation becomes:

2 2
m] Z(&J z_ ®
N21 N21Nr

z2'=7,, +(
Relation (6) supplies the impedance as seen at the
primary terminations when the terminals of the
other windings are short-circuited. The
measurement circuit for this condition is shown in
Fig. 9.

An iteration of the above procedure allows a
computation of the impedances as seen at the
terminals of the other two windings:

2 2
N N
2"=7, +| 2|7 + -2|Z 7
RO PN F
N, ) NN, )’
Zr =Zrm+( r ZZoc+( r 21] Zloc (8)
N22 N22Nl

where Z" is the impedance as seen at the
secondary terminals when both the primary and
compensation windings are short-circuited, and

Z'is the impedance as seen at the compensation
winding terminals when both the primary and
secondary windings are short-circuited. These

NN 1K K. —K Z (5) conditions are shown in Figs. 10 and 11,
21V T, 21 21 r,2£( 21, respectively.
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Fig.9 Short-circuit test when the supply is on phienary terminals
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Fig.10 Short-circuit test when the supply is on¢benpensation winding.
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Fig.11 Short-circuit test when the supply is ongbeondary.

Equations (6), (7) and (8) allow an evaluation of  operating performance of the prototype described
series impedances in the equivalent circuit. in the following.
The magnetic core had the following dimensions:

- Leg cross section: 60 x 60 mm.

4 Experimental performances of the - Yoke cross section: 60 x 60 mm.
machine prototype - Leg height: 160 mm.
Once the non-ideal parameters of the electrical - Yoke length: 240 mm.

machine were evaluated, subsequent laboratory

tests were performed in order to investigate the The windings had the following coil numbers:

- N,=63 coils.
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- N, =222 coils.
- N»;=247 coils.
- Nj; =247 coils.

All windings were made of copper conductors
with a 5 mm cross-section. The maximum
allowed voltage and current for each winding
were 400V and 50A, respectively, and the rated
power of the machine was 5 kVA.

Experimental tests were performed off-line using
two variacs, the former supplying the system and
the latter the balancing winding. The supply
variac simulated slow voltage changes due to both
load variations and other events in the primary
supply network, as well as quick voltage changes
due to sags and swells.

The balancing variac, which in the off-line tests
replaced and simulated the inverter of Fig. 1, was
manually managed in order to restore the
secondary voltage to its rated value under all
working conditions.

Experimental tests allowed the investigation of
the following case studies:

- Changes in primary supply voltage.

- Changes in secondary voltage caused by
load changes.

- Sag compensation.

- Swell reduction.

Francesco Muzi

The measurement system is shown in Fig. 12,
while Table 1 shows the results of the
experimental tests simulating all different working
conditions of the system, including slow voltage
changes and such sudden voltage disturbances as
sags and swells. The initial experimental tests
were arranged in such a way to simulate
secondary voltage changes due to load changes.
Table 1 shows that in these cases voltage recovery
required very low compensation power, within
2.3% - 3.4% of the load power. Subsequent tests
dealt with quick disturbances such as sags and
swells. In these cases, a quite higher, 35.5%
compensation power was needed to recover a 30%
sag. Simulated swells reached maximum values of
30% and required compensation power within
2.2% and 16.3% of the load power.

It is convenient here to recall that to achievelswe
compensation the terminations of compensation
windings need to be inverted.

If the maximum power established for the
compensation winding is 2@5% of the power
unit, the prototype can compensate all load
changes, as well as sags as low as -20% and
swells up to +25%. In other words, this means that
to completely counteract the above disturbances a
compensation inverter having 20% the system
rated power is required.

Load
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Fig.12 Measurement scheme of the laboratory tests.
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Table 1 Results of the experimental tests.

Vi(V) [1i(A) [Pi(W) [Va(V) |12(A) [P(V) (VM) [I(A) [Pr(W) | %V |PP% |
Unloaded 180.2 | 0.22 14.2 180.3 0.00] 0.0 0.8 009 0.1 100.0 -] -
180.0 | 409 | 730.0] 180.0 3.98 7160 26.6 0.50 13|6 0.019 1.9 0.963
180.3 | 442 | 792.0] 180.0 4.32] 776/0 277 053 142 0.019 1.9 0.963
Load 180.3 | 4.65 | 833.0] 180.0)0 454 817J0 30.y 0.56 16/5 0.000 2.0 0.962
changes [180.0 | 5.14 | 921.0] 180.0 5.05] 908/0 34.9 0.2 20|7 0.01d 2.3 0.964
180.0 | 5.63 | 1008.0 180.0 5.54] 994/0 395 0.7 25/500.0L | 2.6 0.962
180.0 | 6.05 | 1078.0 180.0 5.91 106448.2 | 0.71 | 29.7 100.0f 2.8 0.9p1
180.3 | 5.10 | 913.0] 180.) 5.00f 8980 305 0.60 17|9 0.19 2.0 0.96%
Sags 171.1 | 514 | 871.0] 180.2 5.00f 901,0 1218 0.8 76(9519|85 0.951
1624 | 552 | 931.0] 180.0 5.00f 898/0 210.1 2.27 14890.2 16.5 | 0.91y
189.5 | 5.09 | 959.0| 180.0 5.00f 899/0 50.6 0.855 -27.405.3 |31 0.96%
Swells [198.5 | 5.07 | 999.0| 180.0 5.00{ 899/0 1344 0.50 -6910.1 | 7.7 0.968
2078 | 5.06 | 1047.0 180.2 5.01] 901j0 220.8 0.50 €01154 | 11.3 | 0.953

5 Response time of the system _ Contactor
Further experimental investigations were carried

out in order to evaluate the response time of the L
proposed voltage controller. Among the different

time values involved, including those of the  Fromthe o—4|i|——o ~Tothe
acquisition system (micro electronics), actuator ~ Supply primary of the
device (power electronics), microprocessor ~ Network . Adjustable Vv _trla>sformer
(computation) and  special transformer p resistance “p
(magnetization), only the last is to be taken into
account since it is in the order afs with the
others being only:s. Therefore experimental tests Fig.13 Layout of the power device used to
were performed on the machine only in order to  generate a sag.

establish the time necessary for magnetization
changes to appear in the transformer core.

The experimental examination reported in the
following was targeted at evaluating the response
time of the transformer from the first occurrence
of a sag until voltage could be restored to itedat
value. During this time interval, the voltage
transient was recorded by means of an
oscilloscope.

The sag was generated by placing a series
resistance upstream the transformer as shown in
Fig. 13.

When the contactor is closed the following
condition is obtained:

(e, O

Vp=Vp'=1p.u. Fig.14 Electronic circuit used to control the

. , i starting point and duration of the sag.
The experimental test examined an open operation

of the contactor causing a 20% sag (Vp=0.8 p.Uu.). The system response time can be accurately
The starting time of the sag was established by  ¢y51yated from Fig. 16 showing an enlargement of
means of a programmable electronic devicé he previous figure in correspondence of the
adequa_tely_ coordinated with an oscilloscope, as acorded transient, whose starting time isn0
shown in Fig. 14. , o The time unit adopted in Fig. 16 iss. Fig. 16
The results of the experiment are reported in Figs. 5150 shows that the transient response took place
15 and 16, which show that the sag was promptly i, jess than Ins, a much lower interval than the
recovered by the control system. recovery time usually required by the most
sensitive preferential and privileged loads [18].
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Fig.15 Recording of a transient concerning a sag
generation and subsequent voltage recovery.
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Fig.16 Enlargement of the transient shown in Fig.
15.

For this reason, the delay introduced by the core
magnetization can be widely accepted.

6 Prospective research

Nowadays electrical systems and apparatuses are
more and more targeted towards very high
automation levels, which are usually reached by
an ever-growing number of electronic devices
such as PLCs (Programmable Logic Controller),
Microprocessors, microcontrollers, Sensors,
transducers, digital protections and so on. Though
allowing complex operations without the
intervention or supervision of an operator, these
devices are very sensitive to a number of
disturbances — such as long, medium and micro
interruptions, voltage sags and swells, harmonic
pollution — which can in turn cause serious
inconveniences often followed by heavy system
damages and even substantial economic losses. It
is therefore evident that while on the one hand
quality standards in industrial production have
been constantly raised introducing automation to
eliminate subjective manual intervention, on the
other hand this growingly automated scenario
involves huge risks arising from the high

ISSN: 1109-2734
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vulnerability of the system, thus vanifying all
efforts towards automation. For all these reasons,
power quality and reliability of the electrical
supply must be extremely high [16]. With this
consideration in mind, prospective research
aiming at improving the proposed voltage
controller will mainly attempt to develop a real
time control able to condition not only the RMS
value but also instantaneous voltage values. This
objective may be achieved on-line with a faster
control of the magnetic flux linked to the
secondary winding of the special transformer. The
final aim will be to obtain a perfect, real-time
controlled waveform of the secondary voltage.

7 Conclusions

Nowadays changes of paramount importance are
taking place in power distribution due to both the
remarkable penetration of distributed generation
and the growing liberalization of the energy
market.

The present, mainly passive distribution networks
will need to change into active in order to allow
bi-directional power flows and turn customers
into energy buyers and sellers at the same time.
This scenario will require greater automation in

system management, therefore the herein
proposed voltage conditioner, joining the
advantages of a transformer — robustness,

reliability, efficiency, low maintenance, etc. —
with the capabilities of power electronics and
digital technologies, might effectively be used to
control voltage profiles in distribution systems as

well as for high-technology, industrial
applications.
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