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Abstract. This paper deals with a medium-voltage two different substations, are connected, the loop type 111
distribution network. The feeders in the open-loop arrangement
are changed to the closed-loop arrangement with the aim to
improve reliability of the power supply. The paper focuses on the
analysis of transient and steady-state operation in the closed-loop
that is established by connecting feeders supplied from two
different transformers located in the same transformer substation.
The transformers are equipped with the tap changers that can
change the amplitude of the 20 kV voltages in steps whilst the
phase cannot be changed. The possibilities to control the active
and reactive power at both ends of the medium-voltage loop are
discussed for the case when only the voltage amplitude can be
changed and for the case when the voltage amplitude and phase
angle can be changed. A simple algorithm for closed-loop active radial to normally closed-loop arrangement of feeders.
and reactive control is applied. The results of simulations and
field testing performed in a 20 kV network are presented.

is established. The authors in [1] and [2] focus primarily
on the loops of type I. They deal with the unbalance
analysis and with the feasibility study for upgrading the
feeders from radial open-loop arrangement to the closed-
loop arrangement type I. The focus of investigation in [3]
and [4] is the control of loop distribution systems with
distributed generation. The loop power flow control and
voltage characteristics in a distribution system with
distributed generation are presented in [5]. The authors in
[6] investigate the possibility for reduction of line losses
by upgrading the distribution system from normally

The authors of this paper performed analysis, simulations

and field testing for all three types of the closed-loop

Key words

arrangements of feeders. However, the paper focuses

only on the closed-loop type II. In the given case, the

Medium-voltage distribution network, operation in the
loop, power flow control, field testing, simulation.

primary goal of the feeder rearrangement, from the open-
loop feeders to the closed-loop ones, is the improved

reliability of power supply. It is substantial for supply of
Introduction sensitive loads. The possibilities of improving voltage
profiles, inclusion of distributed generation and power

In the medium-voltage networks, the feeder closed-loop
arrangements are often used to improve reliability of
power supply, to improve voltage profiles in the feeders
with distributed generation, and to reduce losses caused by
electric power transmission. According to [1], the closed-
loop arrangements of the feeders can be classified as the
loops of the type I, type Il and type Il1. In the type I loops,
two feeders, supplied form the same transformer, are
connected to form the loop. The two connected feeders,
supplied from the two different transformers, located in the
same substation, form the loop type Il. When the feeders,
supplied from the two different transformers located in the

losses in the feeders are, in the given case, of secondary
importance. Let us suppose that both feeders, that form
the closed-loop, are sized in such a way that they can
supply all loads on both feeders even when they are
supplied only from the one side. Additionally, let us
suppose that the feeders are equipped with the directional
and delayed over-current and distance protection relays
sensitive enough to properly open the closed-loop and
eliminate only the line section with the fault. If all the
aforementioned presumptions are fulfilled, the most
important problem that remains and must be solved is the
control of the active and reactive power at both ends of

the closed-loop, which means at both feeders. This paper
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shows how the active and reactive power can be controlled
in the closed-loop type I1. A simple closed-loop active and
reactive power control is presented for an ideal case where
the voltage amplitude and phase can be changed
continuously. Such a system, where the amplitude and
phase of the transformer’s output voltages could be
changed independently and continuously, is not available.
Therefore, only the results of simulation are given for this
case. On the contrary, the results of simulations and field
testing are given for the case of open-loop power control
where the existing transformers equipped with tap changer
units are applied. In this case the voltage amplitude can be
changed only in the discrete voltage steps while the
voltage angle cannot be influenced directly.

2. Discussed system and control realization

The discussed medium-voltage network is shown in Fig. 1.
It consists of a substation Krsko with two 40 MVA
110 kV/20 kV Dyn transformers equipped with the tap
changer units. They supply the busbars S1 and S2 whiles
M3 and M4 are the measurement points. The two feeders
connected to the busbars S1 and S2 are used to form the
closed-loop type Il. The network structure of the discussed
feeders is schematically presented in Fig. 2, where the
variable voltage sources are the transformers TR I and
TR Il shown in Fig. 1.
Substation Krsko

Transformer
TRI S1

M3

High voltage network
110 kV / 20 kV
40 MVA

Transformer
TRII

110 kV

M4
110 kV /20 kV S2
40 MVA

Fig. 1. Substation Krsko

Let us first neglect all the loads connected to both feeders
and all higher order harmonic components in the currents
and voltages. In this case, the energy flow between both
feeders in the closed-loop arrangement, given in the form
of the active power P and reactive power Q, is described
by (1) and (2), respectively:

X0V gy, RO R
P=—"""25in(d)+ — cos(o (1)
" T
XU XU, RU,||U,|
_ _ cos(o)-————=sin(o5 (2
Q 2 2 (9) 2 (9)

where |U,| and |U,| are the amplitudes of voltages at both
end of the closed-loop, & is the phase angle difference
between both voltages, Z is the impedance of the closed-
loop power line, whiles R and X are the resistance and
reactance of the conductor. Neglecting the resistance R,
equations (1) and (2) can be changed to (3) and (4).
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Fig. 2. Schematic presentation of discussed feeders

Both transformers shown in Fig. 1 are of the same size
and type and both are supplied from the same 110 kV
busbar. Therefore, the difference §in the phase angles of
voltages on busbars S1 and S2, shown in Fig 1, can be
considered as small, which leads to (5). Considering (5)
and small changes around the given operating point, (3)
and (4) change to (6) and (7):

§—>0 = cosd—>1 = sind—>4o (5)
U, |-U,|
Ap="1 2 s 6
X ©)
(S SA| VAN A
AQ:Tl_%ZTI(\Ul\—\UZ\) (7

where AP and AQ are the small changes in the active and
reactive power around the operating point given by P and
Q. By introducing the difference between the amplitudes
of both voltages AU (8), (6) and (7) change to (9) and
(10).
U,|=u,|+AU

Uil (Ui +av) o U o uilau
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Equations (9) and (10) show, that the changes AP and AQ
are not decupled. The reactive power can be changed by
AU whiles the active power changes due to the AU and 6.
Based on these facts, a simple scheme for closed-loop
control of the active and reactive power, shown in Fig. 3,
is introduced. The realizations of the active and reactive
power PI controllers are schematically shown in Figs. 4
and 5, where indices ’ref”” and >’M”” denote the reference
and measured values, respectively. The initial conditions
are marked with ZP, *’lim”> denotes the controller output
limits whiles K p, Kip and K o, Kig are the parameters of
the active and reactive power PI controllers.

Angle Pus One
jodt reference |l [
—» M3 —
TR | with
U] Amplituds |_tap changer B
reference
- - Angle
o CotrPoIIer J 4 Q( referenceV Lyl [
> M4 —
. -
Qrer o{ Controller | AV - F UiR (Dl . —
L - Q Amplitude (ED GHEWEE
reference Pwua ‘ ‘ Qwma

Fig. 3. Simple scheme for closed-loop control of the active
power P and reactive power Q
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Fig. 4. Scheme presentation of the active power PI controller
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Fig. 5. Scheme presentation of the reactive power PI controller

The control structure for the closed-loop active and
reactive power control was applied in simulations of the
system presented in Figs. 1 and 2. The simulations were
performed for the discussed system considering loads and
without loads. The voltage sources with continuously
changing voltage amplitude and phase angle were applied.

The field tests were performed on the system shown in
Figs.1 and 2 during normal operation. The open-loop
feeders were rearranged to the closed-loop type Il by
switching-on the switch shown at the top of Fig. 2. Since
only the discrete step changes in voltage amplitude can be
achieved with the existing transformers with stepping tap
changer units, only the open —loop power control was
applied.
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3. Results

Fig. 6 shows the simulation results for the closed-loop
control of the active and reactive power. The loads shown
in Fig. 2 are neglected. Presented are the reference active
power P, and reactive power Q. as well as the active
and reactive power in the measuring points M3 and M4,
Pwms, Qms and Pya, Quma , respectively. They are shown in
Figs. 1 and 3. The amplitude and angle of the
transformer’s output voltages is changing continuously.
The loads connected along the closed-loop are neglected.
The active and reactive power Py, Qums, measured in the
measurement point M4 and shown in Fig. 2, are equal to
the sum of the active and reactive power Pys, Qs
measured in the measurement point M4, shown in Fig. 2,
and the power losses along the closed-loop between M3
and M4.
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Fig. 6. Closed-loop control active and reactive power —
neglected loads

Q [MVAr]

Fig. 7 shows the same variables as Fig. 6. However, in
the results shown in Fig. 7, the loads shown in Fig. 2 are
considered, which leads to the increased differences
between the active and reactive powers in the
measurement points M4 and M3.

The results presented in Figs. 6 and 7 clearly show that
the control scheme described in this paper enables
closed-loop control of the active and reactive power. It is
shown that Py; and Qus follow their references in the
cases with and without load along the closed-loop
between the measurement points M3 and M4,
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Unfortunately, the available equipment is not able to
change the amplitude and angle of the transformer’s output
voltage. The existing transformers with tap changers can
change only the voltage amplitude in discrete voltage steps
which is achieved by changing the tap changer setting
point.

Figs. 8 and 9 show the results of field testing and
simulations in the case of step change in the tap changer
setting for one step. Presented are the time behaviors of the
line voltage uy, line current iy, active power P4 and reactive
power Q, measured in M4 shown in Fig. 2.
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Fig. 8. Results of field testing and simulations: the time
behaviors of the line voltage u; and current i, for voltage increase

due to the change in tap changer setting for one step.
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Fig. 9. Results of field testing and simulations: the time
behaviors of the active power P, and reactive power Q; for
voltage increase due to the change in tap changer setting for one
step

4. Conclusion

The paper deals with the closed-loop arrangement of
feeders in the medium-voltage distribution network. The
closed-loop arrangement is established to improve
reliability of power supply. It is shown that the control
scheme described in this paper makes possible closed-
loop control of the active and reactive power when
feeders are in the closed-loop arrangement. The existing
transformers with tap changers enable only discrete step
changes in the voltage amplitude which is insufficient for
realisation of the proposed control.
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