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Abstract
Soft open point (SOP) is a power electronic device that installed in place of normally open points in distribution
networks. This paper investigates the performance of SOP under an unbalanced line to ground (L-G) fault in a medium
voltage (MV) distribution network. A method to detect unbalanced grid side AC faults was developed using positive
and negative sequence currents injected into the feeder by the SOP. Simulations were carried out on a network model
developed in PSCAD/EMTDC. Local measurements at SOP grid connection point were used to define a fault index.
Results show that the fault index, based on the values of positive and negative sequence currents, is able to effectively
detect the presence of an unbalanced fault in a MV distribution network.
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1. Introduction
Power electronic devices have been increasingly deployed in distribution networks due to their
application in integration of distributed energy resources (DER). Other applications of power electronic
devices such as electronic on load tap changer, solid state fault current limiters and Soft open points (SOP)
are under investigation [1], [2]. This paper focuses on the use of SOP for unbalanced fault detection in
medium voltage (MV) distribution networks.
SOP is a power electronic device installed in place of a normally open or normally closed point in a
distribution network [2], [3]. An SOP implemented using back-to-back voltage source converters (VSCs)
is considered for this study. Other configurations of the SOP are discussed in [4].
Existing literature describes the behavior and benefits of SOP during normal network operation.
Applications of SOP for load balancing and voltage profile management have been investigated in[5], [6]
However, the existing literature does not describe the performance of SOP during abnormal unbalanced
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network conditions. To fill this gap, this paper investigates the interactions between the distribution network
and an SOP during a line to ground (L-G) grid side AC faults.
A mechanism to detect faults is important to achieve proper operation of an SOP. Conventionally,
separate fault management devices are used to detect the presence of a fault and disconnect the device from
the network during an AC fault [7]. The VSC is reconnected to the grid only after the fault is isolated. In
conventional operation scheme, an SOP has no role during abnormal condition of the network. the
performance of an SOP under an unbalanced fault was investigated in this paper. Furthermore, a method
was developed to detect a fault using the currents injected by the SOP during a fault. A fault index (FI) was
defined to quantify the proportion of positive and negative sequence currents at the grid connection point
of the SOP. The presence of a fault in the network can be determined by establishing a threshold of the FI
value. This method is easy to implement since it only requires the local measurements at the grid connection
point of SOP as inputs.
2. Principle of Analysis
2.1. Analysis of network using symmetrical components
Fortesque proposed the theory of symmetrical components in 1923 to study unbalanced networks [8].
During a fault, the unbalanced network can be resolved into three sets of balanced 3-phase vector groups
(Positive, Negative and Zero sequence) called symmetrical components. During un-faulty operation, no
negative and zero sequence components exist in the network. Eq. (1)-(3) show the measured phase voltages
(Va, Vb, Vc) expressed as a function of the symmetrical components. Similar equations can be written for
the currents (Ia, Ib, Ic). Using these equations, the measured phase voltages and line currents are resolved
into the positive, negative and zero sequence vectors. In the context of this research, the resolved vectors
were used to compute the fault index for each phase.
ܸ ൌ ܸ   ܸ   ܸ ௭

(1)

ܸ ൌ ܽଶ ܸ   ܸܽ   ܸ ௭

(2)

ܸ ൌ ܸܽ   ܽଶ ܸ   ܸ ௭

(3)

యഏೕ
ି
మ

The complex operator ܽ ൌ ݁
; subscript a, b, c indicates phase values and the superscripts ‘p’, ‘n’, ‘z’
represent positive, negative and zero sequence components respectively.
2.2. Definition of fault index
Fault index (FI), defined in Eq. 4, is the ratio of the difference between the root mean square (RMS)
values of positive and negative sequence currents to the sum of positive and negative sequence currents for
each phase. Similar function has been used for fault detection by Saeed Lotfi-fard et.al [9] to eliminate
faulty operation of overcurrent protection devices due to transient currents in a network.
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ሺܫ௫ோெௌ  ܫ௫ோெௌ ሻ
x corresponds to phases a, b, c.
During an AC fault, an SOP behaves as a current source. The maximum current the SOP supplies is
limited by the physical current limit (Imax) of the Insulated Gate Bipolar Transistors (IGBT). The maximum
current injected by the SOP may saturate before the pick-up value of the overcurrent protection device in
the network. Thus, conventional overcurrent based protection on the line may not be sufficient to detect the
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fault current. An SOP can produce positive and negative sequence currents using a classical ‘dq’ controller.
Details of the controller are explained in Section 3.
During a fault between the grid and the SOP, positive, negative and zero sequence currents are injected
from both the grid and the SOP grid connection point. Thus, the current flowing into the fault is a sum of
the current infeed from the grid and the current injected from the SOP. Zero sequence components exist in
the network only if there is a grounding path available for the current to flow. Negative sequence
components are present in the network during an imbalance. However, during an unbalanced fault the
negative sequence current is present in a large proportion as compared to load imbalance. Thus, measuring
the positive and negative sequence currents injected by the SOP is sufficient to detect the presence of an
unbalanced fault in an AC network.
The power quality criterion is based on the voltage unbalance factor (VUF). VUF is the ratio of negative
to positive sequence voltages. Engineering Recommendation P29 [10] states that the VUF does not go
above 1.3%. To clearly distinguish between voltage imbalance and a fault, it is assumed that a value of
VUF ≥ 0.1 indicates a fault in the network. Considering a network with equal positive and negative sequence
impedances, the ration of ratio of negative to positive sequence currents is equal to VUF. Applying this
inequality in Eq. 4, the threshold value of FI ≥ 0.8 was calculated for a healthy network. A value below 0.8
indicates a fault in the network.
3. Modelling of the test network and SOP
A generic radial distribution feeder, shown in Fig. 1, was used as a test network in this study. The
network model was developed in PSCAD/ EMTDC package.
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Fig. 1 Generic 11kV distribution network (Test network)

In Fig. 1, G1 is the grid infeed point. T2 is a star-star transformer grounded through a resistor on the
feeder side. SB1 is the substation circuit breaker. Zg represents the line impedance. Each section has a
positive, negative and zero sequence impedance of 0.164 Ω, 0.164 Ω and 0.542 Ω respectively. For
simplicity, the positive and negative sequence impedances are assumed to be equal. L1 and L2 are uniform
lumped loads. C1 is the grid connection point of the SOP. A delta-star isolation transformer (T1) connects
the converter terminal (V1) to the grid connection point on Feeder-1. Similarly, the other converter terminal
(V2) is connected to Feeder-2 through an isolation transformer (not shown in the figure). Feeder-2 has been
modelled identically to Feeder -1 with identical devices and line characteristics.
A back-to-back VSC based SOP is modelled with decoupled AC and DC sides as shown in Fig. 2(a).
The AC side is modelled as a voltage source whereas the DC side is modelled as a current source parallel
to a capacitor, as illustrated.
The VSC allows separate control of active power (P) and reactive power (Q) by controlling variables in
the synchronous reference frame (dq0 frame). Three-phase network variables are converted to the
synchronous frame using Parks transformation. The transformed quantities are synchronised to the grid
using angular frequency ω, obtained using phase locked loop [11]. The control of VSC is achieved through
the classical two-level cascaded control system, which includes an outer and an inner control loop for
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individual VSC as shown in Fig. 2(b). The outer loop regulates the active power (or DC voltage (Vdc)) and
reactive power using PI controllers. The inner loop is used to regulate the reference values of the direct (id
Ref) and quadrature current (iq Ref) received from the outer loop. The PI controllers of the inner loop produce
reference voltages Vd Ref and Vq Ref. The reference voltages are used to generate the desired converter terminal
voltage through pulse width modulation (PWM). A current limiter is defined by ሺܫௗ ሻଶ  ሺܫ ሻଶ  ሺܫ௫ ሻଶ .
It ensures that the currents through the SOP terminals are within the physical limits of the IGBT. For this
study, it is assumed that Imax is equal to 1.5 times the rated current.
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Fig. 2(a) Equivalent model of SOP ; (b) Classical two-level cascaded control system of SOP.

For each VSC, the control modes of the SOP are switchable between the P-Q and Vdc-Q modes. A
sustained DC voltage ensures balanced power flow between the terminals of the SOP. Therefore, either
VSC1 or VSC2 must invariably control Vdc for proper operation of SOP. The user defines reference values
of the real power (P1 Ref or P2 Ref), reactive power (Q1 Ref and Q2 Ref) at terminals of VSC1 and VSC2 and DC
voltage (Vdc Ref) as per network requirements.
4. Case studies and simulation results
The dynamic response of the SOP was investigated for an unbalanced fault on phase A, at the location
‘f’ on Feeder-1. This study focuses only on solid L-G faults. A temporary fault occurs at simulation time
t=1s, for a duration of 0.6 seconds. The duration of the fault is assumed to be less than the time needed for
SB1 to isolate the fault. The voltages, currents and powers at the grid connection point (C1) are analyzed
under two main cases.
Case 1: For different control schemes of VSC1 i.e. in P-Q mode and Vdc-Q mode. The simulation results
are analyzed for fixed set points of SOP. The following set points are used for this case assuming power
flow from Feeder-2 to Feeder 1 is positive.
x VSC1 is in P-Q control and VSC2 is in Vdc-Q control: The set points of VSC1 are (ܲଵோ ൌ
ͳܹܯ,ܳଵோ ൌ ͲǤͷ )ݎܣܸܯand set points of VSC2 are (ܸௗோ ൌ ͵ͷܸ݇,ܳଶோ ൌ െͲǤͷ) ݎܣܸܯ.
x VSC1 is in Vdc-Q control and VSC2 is in P-Q control: The set points of VSC1 are (ܸௗோ ൌ
͵ͷܸ݇,ܳଵோ ൌ ͲǤͷ ) ݎܣܸܯand set points of VSC2 are (ܲଶோ ൌ െͳܹܯ,ܳଶோ ൌ െͲǤͷ)ݎܣܸܯ.
Case 2: For different P1 Ref set points of VSC1, when VSC1 is in P-Q mode.ܲଵோ ൌ Ͳ ܹܯand ܲଵோ ൌ
ʹܹܯ, while other set points are the same as Case 1.
4.1. Case 1
The magnitude of positive, negative and zero sequence currents at the fault point ‘f’ are equal during a
fault. This is consistent with the analytical calculation of an L-G fault on a network without SOP. Therefore,
the contribution of negative and zero sequence currents from the grid is reduced by the introduction of SOP
at the end of the feeder. The contribution from phase A of the SOP is shown in Fig. 3(a) and 3(b). The
contribution from the SOP remains mostly unchanged for both modes of operation. Following a fault, the
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real and reactive powers flowing through the terminals of SOP are equal to the respective P Ref and Q Ref set
points as shown in Fig. 4(a) and 4(b). A fluctuation of power flow measured at C1 is observed during the
fault. The fluctuation is introduced as a result of a 2ω component in the currents, due to the unbalance in
the network. For both control modes, the FI drops below the threshold value within 1 cycle (0.02s) of the
fault as shown in Fig. 5(a) and 5(b). Following the drop of FI below the threshold value, the IGBTs can be
blocked immediately. Conventional method using relay and isolator could take up to 30 cycles to detect
and isolate the SOP. This method is considerably faster.

Fig. 3 Positive and negative sequence currents at C1 for VSC1 under (a) P-Q control; (b)Vdc-Q Control

Fig. 4 Real and reactive power exchange at SOP termainals (a) P-Q control; (b)Vdc-Q Control

Fig. 5 Fault Index at C1 for VSC1 under (a) P-Q control; (b)Vdc-Q Control

4.2. Case 2
VSC1 does not produce zero sequence current since it is connected to the delta side of the isolation
transformer. However, the fault current through ‘f’ has a zero sequence component since the grid
transformer and the SOP isolation transformer are star grounded on the feeder side. When the SOP operates
below the physical limits, the positive sequence currents depend upon the SOP operating set points.
Whereas, the negative sequence currents depend on the network imbalance. For lower values of P1 Ref set
points, the FI could be negative. Fig. 6 (a) and (b) show the dependence of FI on the SOP set points. The
positive sequence current contribution from the SOP for ܲଵோ ൌ Ͳ ܹܯis considerably lower than the
contribution forܲͳܴ݂݁ ൌ ʹܹܯ. The negative sequence current remains the same for different set points.
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However, the detection of a fault is unaffected for both set points, since the FI drops significantly below
the threshold value.

Fig. 6 Positve and negative sequence currents at C1 for (a) P1 Ref =0 MW; (b) P1 Ref =2 MW

5. Conclusion and future work.
This paper suggested an alternative use of SOP in an electrical distribution network. The efficacy of
using the SOP for fault detection, without the use of additional protection equipment was investigated. The
FI, defined using positive and negative sequence components of the current injected by the SOP is effective
for fault detection in a network. This method is independent of the SOP control modes and require only
local measurements available at the grid connection points. For the future work, the dependency of this
method on network impedances and SOP set points will be investigated. Values of FI for each phase will
further be utilized to develop the capability of the SOP to identify different types of faults.
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