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Abstract. This paper aims to present the performance of a
computationally  implemented model of a  special
autotransformer called ADZ [1]. This zigzag autotransformer
allows mitigating the harmonic content produced by power
converters as well as varying the power flow by means of
controlling voltage phasors. Thus, due to its principle of
operation that will be addressed here, ADZ can be considered as
a FACTS device in dealing with power quality problems.
Furthermore, the steps to the implementation of the model in the
well-known ATPDraw (Alternative Transient Program), which
can be followed so as to create other templates, will be
summarized. Finally, the performance analysisof the
implemented model are made through case studies.
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1. Introduction

The ever-increasing interconnections of power systems
lead to a predominance of meshed networks over the
radial topologies. Despite increasing the system reliability,
there is consensus that in meshed networks some lines are
underutilized whereas others can operate in overload
conditions [2]. In recent years, however, factors such as
cost and environmental impact have delayed the
constructions of new sources of electricity and this
scenario has required a reassessment of the concepts and
practices in power systems, in order to achieve greater
flexibility and better use of existing structures. Therefore,
the concepts of flexible transmission systems or FACTS
have been put forward, which have been widely applied
by using a great diversity of equipment such as the well-
known Phase-Shifters which are transformers designed to
control the voltage module and phase-angle.
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Another point that is well established is the set of
advantages of the autotransformers [3] over the
conventional transformers of the same rating if the
transformation ratio is around +10%, such as their lower
cost and reduced losses that leads to a higher efficiency

[4], [3]. [6]. [7].

In order to gather the advantages of autotransformers and
the versatility of the zigzag connection ([8], [9], [10] and
[5]), a special zigzag autotransformer (ADZ) was created
and implemented by [11]. It has been applied to 24-pulse
converters, widely used in arc furnaces and HVDC
transmission systems ([11], [12], [13] and [14]), as well as
to the stabilization of AC power system [15].

In this work, ADZ is applied to control the power flow of
a transmission line by means of varying the voltage
module and/or phase angle in a specific bus bar. To do so,
the model conceived by [11] was implemented at
ATPDraw (Alternative Transient Program) through a
sequence of steps [1] that is shown in this paper and can
be well employed to create similar templates. Eventually,
some typical case studies are carried out in order to
analyse the performance of the implemented scheme. It is
also worth emphasizing that such implemented model can
be used in other application such as multi-pulses
converters to deal with power quality issues.

2. Principle of operation of ADZ

As mentioned before, the utilization of small transformer
ratios autotransformers together with the zigzag
connection leads to technical and economic benefits when
compared to that conventional ones. Due to this fact, the
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phase shifter autotransformer ADZ was conceived by [11]
and consists of a three-phase set of a main coil (N1) and
two auxiliary windings (N2 and N3) per phase. The coils
are connected to perform a three-phase autotransformer in
which the main windings are in wye connection and
linked to the auxiliary ones through zigzag configuration,
as shown in Fig. 1.

N3—

N2—

N1 —

000000009

Fig. 1. The ADZ structure

If the input voltage phasors, applied to the main windings
al, bl and cl1, are those shown in (1), (2) and (3),
respectively,

UAIAZ =K=* N1I_0° (1)
Ugypz = K* N;L —120° )
Ucicp = K+ N;L120° (3)
where:
K=444x@Qx«f (@))

Simultaneously, it is induced in the two series auxiliary
coils, the voltages:

Upzas = K* N,L0° )
Ugsps = K* N, L — 120° (6)
Ucsca = K+ N,L120° )
and:
Uasas = K* N3L0° (8)
Ugspe = K * N3 — 120° 9)
Ucsce = K+ N3LL120° (10)

Thus, from Figure 1, the voltage in phase A is given by:

_ Ucsaz = Ua1az + Upspa + Ucsce (11)
Ucsae = K* NjLOP+ Kx NoL —120° 4K 1)
+ N3 L120°

This output voltage phasor may be written in terms or its
real and imaginary parts in (13)
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. N, + Nj
Ucsaz = K* Ny [1 —0,5 * (—)

N3 — Nj\ (13)
0,866 * | ———
10,666 ( N, )]
or:
Ucsaz = ULB (14)
where:
U = K*N; * (a% + b?)1/2 (15)
and:
b
0 =tan~! (;) (16)
where:
N, + Nj
a=1-0,5x (—) 17)
1
and:
N; — N,
b = 0,866 * (—) (18)
Ny

The ratio between the output and the input voltages is
given by (19):

Ucsaz  ULO

Uaraz K*NjLO
So that the output voltage can be written in terms of the
input voltage in (20).

(19)

. . 20
Ucsaz = (@% + b3)2 % Upyp,L 0 (#0)

Similarly, this can be done for other phases:

Upasgz = (@2 + b2)Y/2 x Ug,p,L 0 (21)
Ugscz = (@2 + b2 Y2 x Ugyc, L0 (22)

Hence, the expressions above show that both the
magnitude and the angle of the output voltage phasor
depend on the ratios N2/N1 e N3/Ni. Therefore, if N>=Ns,
the output voltage phasor will be in phase with the input
voltage phasor.

Moreover, another factor that affects the output voltage is
related to the polarities of the auxiliary coils. Thus, the
polarity inversion of the auxiliary coil Ns, causes to the
following expression:

. N; = N3
Ucsaz = K* Ny [1 — 0,5 (N—1)

—N;—N
+0,866 * (¥)]
Ny

(24)

By comparing equation (13) to (24), it can be noticed that
the polarity inversion just leads to the signal change for
Ns. Therefore, in a general way, if there is a polarity
inversion of the auxiliary coil there will be a reversal of
the associated signal at the equations, which is
summarised in Table I with respective phasor diagram in
Fig. 2.
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Table | — Polarities of the auxiliary coils N2 and Ns related to the

phasor diagrams in Fig. 2

Figure Auxiliary Coil N2 Auxiliary Coil N3
Fig. 2 (a) Positive Positive
Fig. 2 (b) Positive Negative
Fig. 2 (c) Negative Positive
Fig. 2 (d) Negative Negative
ANy P NN
4 Na/NA [ Uese
Uaiaz - Uaisz
" No/N;s
Ucsaz
(a) (b)
Na/N:_~]
- Ucsaz
NN~ N *
- ~ N2/N+™
Y A
UCEAZ
Uaisz Uasiaz
(c) (d)

Fig. 2. Phasor diagram related to Table |

3. Computational implementation

The computational implementation of the phase shifter
autotransformer ADZ in ATPDraw has been made in two
steps which are detailed in the following subsections with
subsequent simulations to test its effectiveness.

A. Conception of a single-phase transformer with three
independent windings

A special single-phase transformer with three independent
windings is required so as to have the connection
versatility needed by the complex topology of the ADZ.
In this case, one of the windings is used as the main one
and the two other are the auxiliary ones. Hence, in order to
accomplish that and due to the fact that there is not this
type of single-phase transformer in the ATPDraw, a new
card named TRAFO_2 BOBINA.LIB, type Data Base
Module (DBM), has been created from an existing
transformer called “Saturable 1 phase”. The archive thus
obtained constitutes the basis of the new component
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(TRAFO_2 BOBINA.SUP) now available by the
ATPDraw. Further information about these procedures
can be found in reference [1].

At this point, it is suitable to show the effectiveness of the
new single-phase transformer when three of them are
connected as a bank to work as a delta/zigzag three-phase
transformer. Fig. 3 shows that the main coils are
connected in delta and the auxiliary ones are in zigzag
configuration.

12750V

¥ .Au-T'—-
127 Vrms @
= R
"l'@ .y m 50.0hms
———ih
¥ P

Fig. 3. Simulated circuit using a bank of three single-phase
transformers in delta/zigzag

This connection has been chosen so as to compare its
result to that one obtained from the simulation of a
delta/zigzag three-phase transformer that is already
available in ATPDraw. Nevertheless such choice, it must
be pointed out that it is also possible to simulate
wye/zigzag with the original ATPDraw library as well as
with the new card developed in this work. Figs. 4 and 5
show the voltage wave forms at the primary and
secondary terminals for the simulation of a bank of three
single-phase transformers in delta/zigzag connection and a
delta/zigzag three-phase transformer, respectively, and it
can be promptly seen a very good correlation between
them.

v
187 54—

62,

125,

Voltage (V)

187,

1 1! 2 2 [ms)
(fle Trafo_2_bobina_sec_DZp xvar ) vVIA vV2A -

Time (ms)
Fig. 4. Voltage wave forms at primary (red) and secondary
(green) of a bank of three single-phase transformers in
delta/zigzag

v

1 15 2 2 CEI
(o TESTE_DZp; xvar ) VYA V2A -

Time (ms)
Fig. 5. Voltage wave forms at primary (red) and secondary
(green) of a three-phase transformer in delta/zigzag
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B. Implementation of the ADZ in ATPDraw

Once the above template has been created and tested in a
bank of transformers, the main goal at this step of
implementation is to connect the three single-phase
transformers with three independent windings in such a
way to reach the zigzag autotransformer topology of ADZ,
as shown in Fig. 6. In this case, the main coils are in wye
configuration and they are also connected to the auxiliary
windings to perform the autotransformer according to one
of the polarity scheme mentioned in Tab. | and the phasor
diagram of which is drawn in Fig. 2(a).

Phase A }
B : 3[[; : Phase B
Phase B
éE: | Phase C
Phase C
Phase A

Fig. 6. Connection of the three single-phase transformers with
three independent windings as an autotransformer ADZ

Therefore, knowing that the dotted terminals are the
positive polarities of each winding and by properly
connecting them, it is possible to have the other three
configurations listed earlier. Thus, by using the ATPDraw
tool called “Compress” [16], the four blocks named
ADZ++, ADZ+-, ADZ-+ and ADZ-- have been created
(Fig. 7) within which there is one of those four types of
connections mentioned in Tab. |, respectively.

AD= o [
++ - —— -
Az o [T
ol 1 o

Fig. 7. Blocks created with “Compress” at ATPDraw

In this way, the user will just access the six external
terminals of the three-phase equipment and the respective
parameters window to input the data for the chosen block,
which depends on the operational objectives.

Again, the success of the last implementation is verified
through two case studies on the electrical system
presented in Fig. 8.

S r

Source

H~)

ADZ

Load

Fig. 8. Connection diagram for simulate cases.

In the first case, the equipment is supposed to not interfere
in the system by no change in the magnitude or in the
phase-angle of the voltage phasor at the bar “r”. This
could be the case in which the system is under normal
conditions and some control loop make the taps not
operate. Moreover, it is worthy to point out that this
situation can be simulated by using anyone of the four

€6 99
T
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designed blocks described above. Fig. 9 and 10 present the
wave forms and de phasor diagram, respectively, for both
primary and secondary ADZ voltages.

V)|

Voltage (V)
I
T~
L
T~

1 2 4 ms]
(fle Autolafor-2.04; xiar ) VPANPB  vSAVSE

Time (ms)

Fig. 9. Voltage wave forms at primary (red) and secondary
(green) — Case 1

VPASVPA=13279 kV o
VE'A=132,79 KV -

Fig. 10. Phasor Diagram — Case 1

It can be noticed from the figures that the primary and
secondary ADZ voltages are in phase and with the same
magnitude, as it was expected.

On the other hand, the second case aims to show the
performance of the ADZ when it is supposed to act over
the secondary voltage module (from 0.85 p.u. to 1 p.u)
and phase-angle (where secondary voltage must lead
primary voltage by 15° ) in order to meet some system
requirement.

Through the time domain graph and phasor diagram in
Figs. 11 and 12, respectively, it can be promptly seen that
the secondary voltage (green line) is bigger and in
advance when compared to the primary one (red line), as
it was expected again.

V)

Voltage (V)

0 z 0
(Tl Al +28 xvar ) VPAVPS  VSAYSS Time (ms) “ el

Fig. 11 Voltage wave forms at primary (red) and secondary
(green) — Case 2
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Fig. 12. Phasor Diagram — Case 2

It can also be seen in Fig. 12 the voltage phasors at the
auxiliaries coils (VS and VT) that are added to the voltage
at the main coil (Vp) to result in the aimed secondary
voltage which confirms the implemented model
effectiveness.

4. Power System Simulations

To verify the operational performance of the ADZ
towards controlling the power flow or offsetting adverse
conditions in the power system, some computer
simulations have been performed. Fig. 13 ((a) without
ADZ and (b)with ADZ) illustrates a single line diagram of
the electrical fictitious simulated grid, which consists of a
ring portion in an interconnected system. In the bars 1 and
2 the generators are represented by their Thévenin’s
equivalent circuit, which are designated by G; in series
with ZG; and G; in series with ZG,, respectively. The
transmission lines TLi, TL, and TLs are represented by
their impedances which RL parameters can be found in
Table II.

G1 ZG1
=

(®)

Fig. 13. Single line diagram of the simulated grid:
(a) without ADZ; (b) with ADZ.
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Table Il. — Generators and transmission lines RL parameters

Impedance | Resistence (Q) | Inductance (mH)
TL1 1 500
TL2 0.5 250
TL3 1 250
ZG1 0.25 450
ZG; 0.85 200

Finally, in the bar 3 there is a wye connected load of
100MVA (0.96 lagging power factor) at 230kV.

Firstly, the system depicted above has been simulated so
as to know its original condition of power flow and
generators loading, without the presence of the ADZ and,
therefore, this information can be found in Table Il and
V.

Table I11 — Power flow through the transmission lines without

ADZ
TL Aparent Power | Active Power Reactive Power
(MVA) (MW) (MVAr)
TL1 6.20 5.82 2.14
TL2 37.51 35.97 10.65
TL3 49.61 47.67 13.75
Table IV. — Generators loading without ADZ
Generator Aparent Active Reactive
Powermva) Powermmw) PowermvaAr)
Gl 33.71 30.17 15.03
G2 59.63 53.60 26.14

From Table IV it can be noticed that the total power
generated (87.13 MVA) to meet the load demand is not
equally distributed between the generators. Thus,
considering that this loading balance is a system
requirement to be met, the ADZ has been connected
between bars 1 and 3 (Fig. 13(b)) in order to control the
power flow through the line TL.. Therefore, by setting the
ADZ to act over the secondary voltage phase-angle (5°
leading the primary voltage), it was possible to transfer a
part of the loading from line TL3 to line TL, and, hence, to
balance the generators loading, as can be seen in Tables V
and V1.

Table V. - Power flow through the transmission lines with ADZ
acting over the voltage phase-angle

. Aparent Active Reactive
Line
Power (MvA) Power (vw) | Power(mvAr)
TL1 13.84 13.62 2.45
TL2 50.58 49.83 8.63
TL3 37.03 33.54 15.68

Table VI. - Generators loading with ADZ acting over the voltage

phase-angle
Aparent Active Power Reactive
Generator Power (MW) Power(MvAr)
(MVA)
Gl 40.31 36.72 16.64
G2 53.86 47.25 25.85

Despite reaching the balance between the generators, the
voltage at the bar 3 remains in 0.93 p.u. and therefore
below the lower acceptable limit. Due to this fact, by
setting the ADZ to also act over the secondary voltage
magnitude, keeping the prior phase-angle setting, it was
possible to bring the referred voltage to the 0.98 p.u. The
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new operational condition thus obtained is summarized in
Tables VIl e VIII.

Table VII. - Power flow through the transmission lines with
ADZ acting over the voltage phase-angle and magnitude

Line Aparent Power | Active Power Reactive Power
(MVA) (MW) (MVAr)

TL1 21.19 11.87 17.56

TL2 58.65 48.16 33.48

TL3 4441 43.92 -6.63

Table VIII. - Generators loading with ADZ acting over the
voltage phase-angle and magnitude

Active .
Generator Aparent Power Reactive
Power (MVA) (MW) Power (MVATr)
Gl 49.32 36.37 33.31
G2 59.95 55.89 2169

Under a higher voltage magnitude, the power demanded
by the load at bar 3 is increased and, as it can be seen from
Table VIII, the generators loadings are thus boosted to
107.41MVA (49.32MVA plus 59.95MVA) in a relatively
balanced way.

5. Conclusion

This paper presented the use of the phase-shift transformer
(ADZ) to control the power flow of an electric power
system, ensuring the voltage quality, by means of varying
the voltage module and/or phase angle. Thus, the steps for
the computational implementation of the ADZ in
ATPDraw have been depicted and can be reproduced in
order to create other types of special transformers.
Besides, the simulations showed a good performance of
the implemented model for the main goal of this work but
can be used for other purposes as well. Nevertheless, it
must be mentioned that a closed control loop is still
lacking in the implemented template of the ADZ and,
therefore, every set point is manually adjusted which
limits some areas of application.
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