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Non-Limiting Operation of The On-Load Tap Changing
Transformer, and Its Effect on Voltage Stability, with Regards to
The Nineveh Electrical Grid

Abstract. The achievement of voltage stability is among the most prominent challenges faced by grid operators. In the past, generator excitation
regulation was the only method available, for restoring the voltage to its rated values. However, rapid developments in the areas of power grids and
power stations, has led to the need of a new technique, for controlling the voltage level, and maintaining the system in the voltage stability band. On-
load tap changing (OLTC) is currently among the most widely employed methods, for improving the stability of the power system voltage. OLTC
restores the voltage value, whether the disturbance occurs on its primary or secondary side. While a minor disturbance is easily overcome by OLTC,
its capacity for restoring the voltage level, during a significant disturbance, is dependent on its ratings and setting values. The failure of the OLTC
transformer, to restore the voltage value within a short period, may result in a collapse of the voltage system, when the transformer proceeds with
reverse action. A simulation model in MATLAB Simulink shows the effect of OLTC on the Nineveh power grid.

Streszczenie. Osiggniecie stabilno$ci napiecia jest jednym z najwazniejszych wyzwarn, przed jakimi stajg operatorzy sieci. W przesztosci regulacja
wzbudzenia generatora byta jedyng dostepng metodg przywracania napiecia do warto$ci znamionowych. Jednak szybki rozwéj w obszarach sieci
elektroenergetycznych i elektrowni spowodowat konieczno$c¢ opracowania nowej techniki kontroli poziomu napigcia i utrzymywania systemu w
pasmie stabilno$ci napiecia. Zmiana zaczepoéw pod obcigzeniem (OLTC) jest obecnie jedng z najczeSciej stosowanych metod poprawy stabilnosci
napiecia systemu elektroenergetycznego. PPZ przywraca warto$¢ napiecia, niezaleznie od tego, czy zaktécenie wystepuje po stronie pierwotnej czy
wtérnej. Podczas gdy mate zaktdcenie jest tatwo przezwyciezane przez PPZ, jego zdolno$¢ do przywracania poziomu napiecia podczas znacznego
zaktocenia zalezy od jego wartosci znamionowych i nastawczych. Awaria transformatora PPZ przywracajgca w krotkim czasie warto$¢ napiecia
moze skutkowac zatamaniem sie uktadu napigciowego, gdy transformator dziata odwrotnie.Model symulacyjny w MATLAB Simulink pokazuje wptyw
PPZ na sie¢ energetyczng Niniwy. (Nieograniczajgce dziatanie transformatora z przefgczaniem zaczepéw pod obcigzeniem i jego wpfyw na

stabilno$¢ napiecia w odniesieniu do sieci elektrycznej Niniwy)

Keywords: OLTC, Voltage stability, Transformer reverse action, Performance improvement, MATLAB Simulink, Voltage collapse.
Stowa kluczowe: PPZ, Stabilno$¢ napigcia, Odwrotne dziatanie transformatora, Poprawa wydajnosci, MATLAB Simulink. .

Introduction

Extensive power systems face the possibility of voltage
instability, due to the heavy loads involved, and the
frequency of disturbances, which have a negative impact on
the performance of the grid [1]. Several techniques have
been employed to deter the collapse of the power system
and ensure uninterrupted power supply to users. These
include shunt capacitance [2], the use of FACTS devices
[3], the development of distribution generator plants [4], the
installation of OLTC approaches [5], and the supplement of
energy storage plants [6] or the hybrid stations. OLTC is
widely used for power systems in which the power flow is
one-directional [7], such as in the Nineveh power grid.

The OLTC turn ratio n is variable. The change in turn
ratio occurs, through an alteration in the number of turns,
with regards to one of the transformer coils. While one coll
is fixed (the main coil), the other is variable (the auxiliary
coil). The auxiliary coil is equipped with several taps, with
each tap presenting a different number of coil turns [8].

The controller unit decides on the tap number, by
comparing the output voltage with the reference voltage, to
subsequently contact a specified tap, at the main coil
terminal [9].

The auxiliary coil, and the control unit with the taping
mechanism, is known as the transformer tap changer (TC).
The tap changer unit may be added to either the primary
side, or the secondary side, of the power transformer.
Generally, in terms of connection, the tap changer added to
the high voltage side is more reliable. This can be attributed
to the high voltage windings, sited on the outer side of the
cylindrical coil. Also, due to the low current of the high
voltage side windings, the addition of the tap changer to the
secondary side enhances the switching process [10].

The OLTC approach standards and settings, as
regards to the load, should be carefully selected. The

setting values are crucial, as they directly affect the range of
voltage stability, and consequently, the OLTC regulating
performance. The OLTC standards and settings also have
an effect on the transferred power, transmission lines loss,
load current, and the operational costs [11].

As such, manufacturers and researchers associated to
OLTC transformers, are constantly seeking out innovative
techniques, to render OLTC more reliable and quicker,
whether in terms of the tap controller, or the tap type [12],
[13], [14], [15].

While the purpose of OLTC is mainly to improve and
raise the power systems voltage stability, it is also at times
the source of its collapse [16], through the occurrence
known as transformer reverse action [17]. However,
transformer reverse action is rare, and only happens when
there is matching between the system parameters
(transmission line impedance Zr, load impedance Z;, OLTC
turn ratio n) [18].

In this paper, the relationship between the load power
S., load voltage V|, transmission line impedance Zr and
OLTC turn ratio n was uncovered. The effect of OLTC on
the Nineveh power grid is discussed, and the system is
simulated in MATLAB. Several approaches are applied on
the simulated system, to improve the performance of the
transformer.

Voltage stability and collapse point of a power system
All power systems come with acceptable limits. These
limits are termed the voltage stability region. The voltage
stability limits are the voltage values, which enable the
system to function without damage to the load or system
devices. The occurrence of an abnormal condition causes
the system voltage to rise or fall. The system can be
stabilized if the voltage can be returned to its rated values.
Typically, a voltage fall is caused by a heavy load or a
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significant disturbance. If left unchecked, a progressive
voltage fall will transfer the system into the instability region,
and eventually lead to its collapse [19].

The collapse point is the point, at which the system
power and voltage begin to fall irrevocably. It is an
indication, that the point of maximum power, that the
system can deliver to the load on (P-V) curve, has been
reached [20].

The occurrence of a disturbance affects the system
voltage. A drop in voltage to below the acceptable limit,
activates an under-voltage protection relay, which prevents
possible damage, stemming from the low voltage [21].

Determining the value of n for a stable system

Figure 1 depicts a simple power system, showing the
relationship between the transformer turn ratio, and
equivalent system parameters.

71 1'n

It
‘:’ + 7 OLTC ‘:’
C"“ ' VS Vi ! Vii | |4
E i E
Fig.1. Equivalent circuit for power system with OLTC.
Zt is the transmission line impedance and internal

impedance of the source.

Z, is the load impedance, n is the transformer turn ratio, Vs
is the source voltage, and V; is the OLTC primary side
voltage.

(1) Vs =(Z;1;)+VY,
(2) I; = V—SZ
Z: + %2
3) vV, =nV,
(4) V, =nV. VsZi

S('Z)+Z,

In the equation, the change in the load voltage V, is
due to the change, in the transformer turn ratio n. Thus, to
return the system to the stability region, when a voltage
drop happens, the rate of load voltage, brought about by the
transformer turn ratio, needs to be positive. If it is negative,
the system voltage will continue falling, until collapse occurs
(reverse action).

If M <0, then:

on
(5) ViZ,*-nVZ,Z, <0
V2
(6) Z =—5
L SL

Then the value of n, which will cause reverse action, is
expressed as:

\Y

7) >—Lt —
(S, Z; )0‘5

If —n"> 0, then the value of n, for the system to be
stabilized, is:
VL
(8) n< 5 s
(SL ZT)
While at
VL

9) N=——5———
(S, Z; )0‘5

the operation of the system will be faced with a critical risk
of collapse situation.

OLTC impact on stability region limits and reverse
action [22].

The occurrence of a disturbance prompts the OLTC to
alter its turn ratio and restore the value of the system
voltage. An extensive disturbance effect can lead to the
collapse of the system, and the fall of the P-V curve to zero.
At times, the OLTC system may cause collapse, when
relationship (8) is verified.

Reverse action is set off, when the transformer
increases the turn ratio, in its attempt to restore the voltage
value. However, this increase, in the turn ratio, causes the
output voltage to drop even further.

When the values of Vi, Zr, S. and n are verified by
Equation (9), the system is at a critical point on the P-V
curve.

Any subsequent increase, in the load on the OLTC,
causes a decrease in value, on the right-hand side of
Equation (9). This will result in reverse action, as Equation 7
will be verified, and the system will begin to fail.

In such a situation, the OLTC will attempt to improve
the system voltage by increasing the turn ratio n. Increasing
the turn ratio n, however, raises the value on the right-hand
side of the relationship (7).

The OLTC will then proceed to repeatedly increase n,
in a desperate attempt to restore the voltage, and return the
system to the stability region. This course of action will only
quicken the collapse of the system, as it will serve to
continually increase the right-hand side of the relationship.
This, briefly, defines the OLTC reverse action.

Positive effect of OLTC

To better understand the impact of OLTC on the power
system, a model of Nineveh city is simulated in MATLAB
Simulink, to demonstrate the positive effects of OLTC.
Several techniques are simulated, to emphasize on the
need for a proper selection of an OLTC transformer, with
regards to the load, system type and the OLTC controller
variables setting.

As mentioned earlier, the OLTC controller prompts an
increase in the transformer turn ratio, upon an indication of
a fall in the output voltage. The fall in output voltage is
attributed either to an increase in the load, or a decrease in
the input voltage, due to a source voltage drop, or a heavy
load on another bus, close to the transformer input [9].

In this paper, the effect of the OLTC2 on bus 7 voltage,
and the effect of maximum power transferred through
OLTC2 between bus 2 and 7, revealed two different cases.
The Nineveh power system is illustrated in Fig. 2.
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Fig. 2. Nineveh power system grid in MATLAB Simulink.

In the first case, the load gradually increased with

constant source voltage. However, in the second case,
while the load gradually increased, the source voltage
systematically decreased.
e The first case modeling: A comparison between a
system with, and a system without, OLTC, under a similar
variable load, is discussed. The load increased up to the
point when the overload protection relay is activated and
sends out a trip signal at P = 290 MW. In such a situation,
the role of OLTC is to maintain the voltage within the
acceptable range. As shown in Table 1, without OLTC the
system trips at Vgz = 0.964 p.u., while with OLTC the
system trips at Vg7 (Vout) = 0.996 p.u. The role of OLTC on
the P-V curve is depicted in Fig. 3.

Table 1: Comparison between a system with and without OLTC,
with the system operating with a variable load and fixed source.

Without (OLTC) | _ With (OLTC)
Pmax
o 290.0 290.0
Ver (Vou) at overload 0.9640 0.9960
trip point
Vez (Vin) at overload 1.0000 1.0000
trip point

e The Second case modeling: Here, the comparison is
similar, but with a variable source, and a comparable
variable load. Under these conditions, the load
increases while the source voltage decreases, until the

point when the under-voltage protection relay is activated,

and transmits a trip signal at Vez (Vout) = 0.864 p.u.

While the output power will not reach the value of the
overload relay setting, the voltage drop will cause collapse,
and the under-voltage protection will be activated. Without
OLTC the system collapses at P = 238 MW, Va7 (Vout) =
0.9355 p.u., Va2 (Vin) = 0.94 p.u., and trips at Vez (Vin) =
0.86 p.u. With OLTC the system collapses at P = 270.5
MW, Vg7 (Vout) = 0.999 p.u., Vg2 (Vin) = 0.96 p.u., and trips
at V2 (Vin) = 0.78 p.u. (Table 2). Fig. 4 shows the role of
OLTC in the system with the P-V curve.

Table 2. Comparison between a system with and without OLTC,
when operating with a variable source and a variable load.

Without (OLTC) With (OLTC)
Pmax
o 238.0 270.50
Vez (Vout) qt collapse 0.9350 0.9990
point
Va2 (Vin) a.t collapse 0.9600 0.9400
point
Vez (Vin) at under 0.8600 0.7800
voltage trip point
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Improving the OLTC performance in the Nineveh power
system grid

The performance of the OLTC transformer is
dependent on its standards and settings. A maximum
performance can be derived from OLTC, if the OLTC
settings and standards are suitable for the system type, and
the type of disturbance can be anticipated. Transformer
standards are determined by the step voltage level, and the
number of steps involved. The delay time and the switching
time are settings that can be altered by the operator.

The values of step voltage, number of steps, delay
time, and switching time, directly affect the OLTC
performance, and consequently, the maximum power and
voltage of the system. An increase in the step voltage and
number of steps, as well as a decrease in the value of the
delay time and switching time, can serve to raise the
performance level of OLTC [16].

Put simply, the OLTC performance can be enhanced
by alterations, which increases its ability to conform to the
voltage changes.

Trip point at _,_.j:?;:?
P=280Mw  — Shalfe
08 Vouls 09067 pu. _ - 27
: P /
206" 257 /
a i Trip point at
> +F 4l P= 200 MW
04F L2 Vout= 0.9645 p.u.
o il
-
02 " -
i —Without OLTC
o - { —With OLTC
0 50 100 150 200 250 300
PMw

Fig. 3. OLTC effect on power system with variable load and
constant source.
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Fig. 4. OLTC effect with variable load and variable source.
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Fig. 5. The effect derived from an increase in the step voltage

Methods for improving the OLTC performance

P-V curves were obtained from MATLAB Simulink, to
demonstrate the effect of each method, on the Nineveh
power system grid, portrayed in Fig. 1. The normal readings
of the OLTC for the system, at the OLTC real settings and
standards, are exhibited in Table 3.

Table 3. OLTC standards in the Nineveh power system grid

OLTC specifications
Rated MVA 300
Rated voltages (kV) 400/138.6
Transformer impedance (Q) 0.006+j0.185
The total number of steps 21
The type Mech. Tap changer
The step of the voltage 1%
The delay time (s) 15
The switching time (s) 5
Tap changer location Primary side
The setting of the over-load relay
(MW) >=288.0
The setting of the under-voltage
relay (p.u.) <= 0.8460

1 - Increasing the step voltage method

The OLTC step voltage is determined by the number of
coil turns added in each step of the tap. Typically, the step
voltage ranges between 1% and 2.5%. In a situation where
the step voltage is high, OLTC will successfully maintain the
rated value with a fewer number of steps. This will serve to
enhance the degree of reliability and increase the
bandwidth of OLTC [16].

For the system in Fig. 1, with a variable load and a
variable source, the value of the factory set of the step
voltage is 1%. Table 4 exhibits the system readings at that
value.

Table 4. The standards value of Nineveh OLTC

Standards value of Nineveh OLTC
Pmax (MW) 270.50
Va2 (Vin) at collapse point(p.u.) 0.9400
Va7 (Vout) at collapse point(p.u.) 0.9990
Vg2 (Vin) at gnder voltage trip 0.7800
point(p.u.)
P (MW) at the point of trip 190.00

Table 5. Comparison between the systems with step voltage 1%
and step voltage 1.8%

step voltage step voltage

=1% =1.8%

Pmax (MW) 270.50 273.90

Va2 (Vin) at collapse point 0.9400 0.8800
(p.u.) ) )

Va7 (Vou) at collapse point 0.9990 1.0100
(p.u.) i i

Vg2 (Vin) at under voltage trip 0.7800 0.7200
point (p.u.) ) )

P (MW) at the point of the trip 190.0 191.0

When the step voltage increased to 1.8%, an
improvement was discerned in the performance of the
OLTC, as depicted in Fig. 5, where the value of P max =
273.9 MW, Vout = 1.01 p.u., Vin = 0.88 p.u., P trip point =
191 MW, and Vin at trip point = 0.72 p.u. The difference
between systems with step voltage 1%, and step voltage
1.8%, is made obvious in Table 5.

2 — Increasing the number of steps method

The number of OLTC steps is dependent on the
number of coil parts, which the tap terminals are taken from.
An increase, in the number of steps, enhances the capacity
of OLTC, to continue with the voltage regulation process, in
a situation where the voltage drop escalates with time. The
number of OLTC steps can range from 15 to 33 [16]. The
OLTC model in Fig. 1 features 21 steps. At that number of
steps, the system readings are as shown in Table 4. With
an increase in the number of steps to 31, the P max =
270.5MW, Vout = 1 p.u., Vin = 0.94 p.u., P trip = 189.2 MW,
and Vin at trip point = 0.74 p.u.

A reduction in the number of steps to 17, brings about
a dip in the OLTC performance, as evidenced by P max =
266.4 MW, Vout = 0.992 p.u., Vin = 0.96 p.u., P trip = 192.3
MW, and Vin at trip point = 0.80 p.u.

The effects stemming from changes in the number of
steps, can be observed in Fig. 6, while Table 6 portrays a
comparison between the three different situations.

Table 6. System readings for different number of steps

At17 At21 | At31
step step step
Ponax (MW) 266.40 | 270.50 | 270.50
V2 (Vin) at (Cpoﬂa)pse point | 19600 | 0.9400 | 0.9400
Ver (Vou) at collapse 09920 | 0.9990 | 1.0000
point (p.u.)
Vez (Vin) at under voltage trip | 5500 | 07800 | 0.7400
point (p.u.)
P (MW) at t{;ﬁ)po'”t ofthe | 419230 | 190.00 | 189.20
1 W
Max P withaut
08 OLTC= 240 MW - M S
Vout= 0.937 pu ',/ OLTC=270.5 MW
Vin= 0.96 p.u. ,/ & 21 step of tap
35 06 ’/ and 31 step.
a’ Trip point at - Max P with Veut=0.999 p.u.
S Voul T=0.846 D;/’ DLTC= 266.4 MW Vin=094 pu
0 A W
-~ // Vin=026 o —Without OLTC
0.2F ’// —OLTC with ?|.s.lr:
-~ OLTC with 31 step
o L —OLTC with 17 slep
0 50 100 150 200 250 300
P MW

Fig. 6. the effect of changes in voltage step numbers changes

3 - Reducing the delay time method

Operators can set the delay time in the OLTC
controller, to prevent the OLTC from responding to fleeting
transient disturbances, including those associated to motor
starting or switching. However, it should be noted, that a
delay time set at too high a value, will have a negative
effect on the OLTC performance. The delay time can be set
at a value ranging between 10 to 120 seconds, depending
on the load type [16]. For the system depicted Fig. 1, the
system readings for the delay time of 15 seconds, can be
observed in Table 4. The longer delay time of 25 seconds
led to P max = 265.3 MW, Vout = 0.99 p.u., Vin = 0.94, P
trip = 190 MW, and Vin at trip point = 0.78p.u.
The effect of delay time change is shown in Fig. 7, while a
comparison between two systems, with different delay times
in the OLTC controller, is depicted in Table 7.
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Fig. 7. The effect of changing the delay time of OLTC.

Table 7. Comparison between system OLTCs with different delay
times

At delay At delay
time=15s | time=25s
Prmax (MW) 270.50 265.30
Vg2 (Vin) at collapse point (p.u.) 0.9400 0.9400
Vg7 (Vout) at collapse point (p.u.) 0.9990 0.9990
Va2 (Vin) at ynder voltage trip 0.7800 0.7800
point (p.u.)
P (MW) at the point of the trip 190.0 190.0

4 — Shortening the switching time method

Generally, the switching time is associated to the type
of tap changing procedure employed, and the tap type. A
reduction in the switching time never fails to provide a
positive effect. The time taken up between the controller
decision, and the tap execution, ranges from 5 seconds to
120 seconds, depending on the tap type involved [14]. For
the system depicted in Fig. 1, with the switching time of 5
seconds, the system readings are as shown in Table 4.
While at the switching time of 25 seconds, the Pmax = 255.5
MW, Vout = 0.97 p.u., Vin = 0.94 p.u., P trip = 190 MW, and
Vin = 0.78, as shown in Fig. 8. A comparison between two
systems, with different OLTC switching times, is portrayed
in Table 8.

Table 8. Comparison between OLTCs with different switching times

At switching At switching
time=5s time=25s
Prnax (MW) 270.50 255.50
Vez (Vin) a;:ﬁ";"pse point 0.9400 0.9600
Va7 (Vou) a(tpc:)ll)apse point 0.9990 0.9700
Va2 (Vin) at t_,mder voltage trip 0.7800 0.7800
point (p.u.)
P (MW) at th_e point of the 190.00 190.00
trip
E— = R —
Max P without i
OLTC=24D0MW___ o
0.8/ Vour 0937y <7 Lt
in= 096 p.u - ax P wil
306! Y p’ 7~ M Pl OLTC=2105MW |
g ~ OLTC= 2555 MW &‘“"mv"g ':'“T;i‘ec
> L " & swilching time= 25 sec p _u—
04 Ve : I\am?tg [0.9? pi. M 084 g
£ s Vin=094 pu
-~ Under voltage
02t P frip paint
Vet VoulT=0.846 p.u.
0 50 100 150 200 250 300

P MW
Fig. 8. OLTC switching time change effects

Conclusion

In the context of power systems, the numerous causes
of voltage decline, and the extensive effects of disturbances
on voltage stability, have led to the development of many
schemes, aimed at controlling the system voltage, and
extending the stability region. Among such schemes is
OLTC. While OLTC contributes towards improvements in a
power system, in terms of voltage stability, the reverse
action associated to OLTC, can also lead to a collapse of
this system. The value of n, in a power system, can be
harnessed to maintain its stability.

The modeling of the Nineveh power system in MATLAB
Simulink, revealed the superiority of a system with OLTC,
over a system without OLTC. The modeling exercise
conducted on the Nineveh power system, also involved the
examination of several methods to improve the OLTC2
performance, in terms of voltage control, power
transference, and voltage stability.
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