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Abstract

The high-surety power supply systems are gaining great attention to enhance the reliability
of uninterruptable power supplies. A high-resistance fault along a high-surety power sup-
ply feeder results in a low fault current, making the conventional high-surety power supply
protection strategy ineffective. To address this problem, this paper develops a directional
fault protection strategy for high-resistance fault detection and faulty feeder identification.
Using the intelligent electronic device, the feeder current is sampled and normalised. Then,
the fault-imposed component of the current signal is calculated. This component is added
to the input of the forced Helmholtz oscillator to increase the sensitivity of the proposed
protection scheme for the detection of high-resistance faults. The output of the forced
Helmbholtz oscillator equation is adopted as the fault detection critetion because it is infin-
ity for reverse faults while it is lower than 1 for forward faults, facilitating the fault detection.
The developed strategy is local and can detect and classify both pole-to-ground and pole-
to-pole high-resistance faults. Also, it is effective for both unidirectional and bidirectional
converters. The merits of the proposed protection strategy are demonstrated through sev-

1 | INTRODUCTION

1.1 | Motivation

Critical loads such as hospitals, banks, and internet data centres
require continuous and high-quality power during normal and
faulty conditions [1, 2]. To this end, uninterruptable power sup-
ply (UPS) systems have been used for many years to make sure
of continuous energy supply. To enhance the reliability of UPS
systems, the concept of high-surety power supply (HSPS), also
know as super UPS, has been recently introduced. An HSPS
system is formed by several enetgy source and energy stot-
age units such as photovoltaic (PV), battery, gas turbine, and
super capacitor [3—0]. Certain attributes such as no harmonic
and reactive power problems, no need for frequency control and
complicated synchronisation, and low stages of power conver-
sion make the DC network a proper selection for implementing
the HSPS systems [7—10]. An HSPS system can operate in both
grid-connected and islanded modes to ensure the continuous

energy supply.

eral fault scenarios using a +375 V high-surety power supply system.

The lack of effective protection is one of the main barri-
ers to the deployment of super UPS systems, jeopardising their
offered resilience. Both pole-to-ground (PG) and pole-to-pole
(PP) faults may occur in an HSPS system, by a pole coming
in contact with the ground and another pole, respectively. DC
nature of super UPS system makes its protection more challeng-
ing due to the following specific features: (i) in a DC network,
there is no zero-crossing point in fault current, (i) the capaci-
tor discharge highly increases the magnitude and rate of change
of fault current, (iii) the lines of DC networks are usually short,
making the faulty feeder identification difficult.

1.2 | Literature review

Due to the need for high levels of reliability, speed, and
selectivity, usually, the protection strategies proposed for DC
microgrids are not effective in an HSPS system as follows.
The current derivative-based protection schemes proposed in
[11, 12] are susceptible to noise. The overcurrent protection

This is an open access article under the terms of the Creative Commons Attribution 4.0 License, which permits use, distribution and reproduction in any medium, provided the original work

is propertly cited.

© 2020 The Authots. /ET Generation, Transmission & Distribution published by John Wiley & Sons Ltd on behalf of The Institution of Engineering and Technology

LET Gener. Transm. Distrib. 2021;15:45-55.

wileyonlinelibrary.com/iet-gtd 45


mailto:sadeghkhani@pel.iaun.ac.ir
http://creativecommons.org/licenses/by/4.0/
http://wileyonlinelibrary.com/iet-gtd

46

ROUHANI ET AL.

Bypass
Switch
AC Main Grid
Critical Load
[ Y ===
A S I A Al I S
) AC/DC s| |E E S
DODC om o 5 - DC/AC
B 1 6 B
Gas Turbine ——my ———s
S I I S
AC/DC S E E S
DC/DC cmw bl i¢ pebe
B 2 5 B
Photovoltaic
A o=y = Supercapacitor
[l S I3
AER DC/DC S : : S DC/DC
EER B[ 3 a8
P+ N P-

FIGURE 1 Study HSPS system

strategies proposed in [13, 14] cannot provide proper selectiv-
ity or requite extra devices. The distance protection schemes
proposed in [15, 16] suffer from low operating speed. The direc-
tional protection schemes proposed in [17-22] and differential
protection methods proposed in [23—206] as the communication
strategies increase selectivity; however, dependence on commu-
nication infrastructure decreases their reliability, making them
improper for a high reliable power supply. To address these
shortcomings, only one HSPS protection scheme is proposed;
Li et al. [2] present a local current direction-based protection
strategy for the HSPS systems. However, the conventional
HSPS protection suffers from two problems: (1) it does not
consider the dynamics of primaty energy sources of HSPS
system and (2) in the case of a high-resistance fault, the cut-
rent direction does not change and consequently the current
direction-based protection strategy fails.

1.3 | Aims and contributions

To address these problems, this paper proposes a protection
scheme for the detection of high-resistance faults in super UPS
systems. In the proposed local protection scheme that is a
supplementary protection for the conventional HSPS protec-
tion, the current of each feeder is sampled using an intelligent
electronic device (IED). Then, the fault-imposed component
of the current is calculated to detect the direction change of
high-resistance fault current. To increase the sensitivity of the

proposed method, this component is added to the input of
the forced Helmholtz oscillator (FHO). The advantage of the
proposed directional protection scheme is that the FHO state
variable is infinity for the faulty feeder while it has a finite value
for the healthy one. Specifically, the contributions of this paper
with respect to [2] are as follows:

* It considers the dynamics of primary energy sources of the
HSPS system;

* Itis effective for high-resistance faults; and

* It classifies the fault condition.

1.4 | Paper organisation

The rest of the paper is organised as follows. Section 2 describes
the dynamic model, control system, and conventional protec-
tion scheme of the study HSPS system. The proposed two-stage
protection strategy is developed in Section 3. Section 4 is ded-
icated to assessing the performance of the developed scheme.
Finally, Section 5 concludes the paper.

2 | STUDY HSPS SYSTEM

Figure 1 shows the single diagram of the study HSPS system
that is the extended version of the test system of [2]. It is a
bipolar (three-wire) network with the TN-S earthing system
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where the midpoint of the converter is connected to the
ground. The operating voltage of the study HSPS is +375 V.
The resistance and inductance of the HSPS feeders are 4.8 mQ
and 3.8 uH, respectively. A 100 kW voltage-sourced inverter
(VSI) is employed as the interface between the HSPS system
and the main AC grid. The study HSPS system consists of
five distributed energy resource (DER) units including gas
turbine, energy storage system, PV array, supercapacitor, and
fuel cell. The critical load is a three-phase, 220 V, 60 Hz, 230 kW,
and 150 kVAr load that is interfaced with the HSPS system
using a VSI. Also, a bypass switch is employed to directly
connect the critical load to the AC main grid in the critical
conditions.

2.1 | Dynamic modelling

The main grid is a 25 kV distribution system that is fed by
a 120 kV transmission network with 2500 MVA short-circuit
capacity. The distribution system is connected to the interface
converter using a 100 kW, 25 kV /220 V A/Yg transformer. The
interface converter is a three-phase three-level VSI, consisting
of insulated gate bipolar transistor IGBT) switches and antipar-
allel diodes. The AC side resistance, inductance, and capacitance
of VSI ate 0.0019 Q, 250 uH, and 55 uF, respectively, while
each capacitor of DC side of VSI is 12 mF. The PV system
includes a 5X066 array (66 parallel strings with five modules in
series in each string), consisting of 305.2 W SunPower mod-
ules. The open-circuit voltage, short-circuit current, maximum
power point voltage, and maximum power point current are
64.2'V,5.96 A, 54.7 V, and 5.58 A, respectively. The PV cells are
mono-crystalline with the single diode model [14]. The adopted
battery type is lithium-ion with the discharge and charge mod-
els. The supercapacitor is modelled using the Stern equation
by considering the self-discharge phenomenon. The gas tur-
bine is equipped with the IEEE type 1 excitation system. The
PV array and fuel cell are interfaced to the HSPS system using
the DC-DC boost converters, while the interfaces of the bat-
tery and supercapacitor are the bidirectional DC-DC convert-
ers. The generated AC electricity of the synchronous generator
of the gas turbine is converted to DC using a rectifier; then, a
buck converter is used to interface this generation system to the
HSPS system.

2.2 | Control system

The control system of grid VSI is a two-loop control system.
The objective of the external control loop is the regulation
of DC link voltage while the inner control loop regulates the
grid current real and reactive components. According to [2],
each DER unit can operate in both voltage and current control
modes. The control system of the DC-DC converters of DERs
is shown in Figure 2. It consists of two control loops. The
outer loop regulates the converter output voltage where the

Operating
Mode Change

FIGURE 2

Basic structure of DC-DC converter control

reference voltage 7"

can be a predefined fixed value or can be
calculated by a control scheme such as the droop control. The
proportional-integral (PI) controller of the outer loop generates
the reference signal for current control loop 7f. The switching
signals of the converter are generated using the pulse-width
modulation (PWM) technique by the output of the PI controller
of the inner loop. In the normal operating condition that the
HSPS is in the grid-connected mode, the main grid regulates
the HSPS voltage and the voltage control loop is deactivated
in all DER units. In this case, /' is a predefined value or it is
determined by the HSPS control centre. When a disturbance
occurs in the main grid and the HSPS is in the islanded mode,
one of the DER units goes to voltage control mode to stabilise
the network voltage while others remain in the current control
mode.

2.3 | Conventional current-based directional
protection scheme

The basic principle of the directional protection proposed in [2]
is the change of current direction in the case of a fault. In that
method, the current is measured at the beginning of each feeder
with a positive sign for the injected current to the HSPS system.
When a fault occurs in one feeder, the main grid and DER
units of other feeders contribute in fault current; thus, their
current directions do not change and are positive, while for
the faulty feeder, the current direction at the beginning of the
feeder changes and is negative. There are two thresholds: one
for negative currents and one for positive currents where the
latter threshold is greater than the former one. If the measured
current is negative and greater than the negative threshold, the
feeder is faulty and is isolated from the HSPS system. If the
primary protection fails, the fault persists in the HSPS system
and the positive fault current of healthy feeders exceeds the lat-
ter threshold. In this condition, these feeders are isolated from
the HSPS system as backup protection. Similatly, when a fault
occurs in the main feeder of the HSPS system, all measured
fault currents are positive and exceed the second threshold;
thus all units are isolated from the HSPS system. In both cases
of primary protection failure and main bus fault, the load
voltage drops and the load module activates the bypass switch;
in this condition, the load is directly supplied by the main
grid.
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3 | PROPOSED DIRECTIONAL
PROTECTION STRATEGY

The main drawback of the conventional protection system of
HSPS is its inability to detecting high-resistance faults. When a
high resistance fault occurs, the fault current is low and it cannot
change the current direction in the faulty feeder. Thus, the fault
persists in the HSPS system. Also, the conventional protection
lacks a fault classification scheme. The remainder of this section
is dedicated to developing a two-stage protection strategy of the
HSPS system for addressing these problems.

3.1 | Firststage: Fault-imposed current

In the proposed local protection strategy, the injected current
of each feeder to the HSPS system is measured using a current
transducer. To reduce the scheme cost, instead of a relay, one
IED is installed at the beginning of each feeder. The measure-
ment noises are attenuated by a simple moving average filter

(MAF) as [27]

k
eeda BT) = = D I (), (1)
Jj=k—N+1

where 7750 and igcqe, are the measured and filtered feeder cur-

rents, respectively, and /V is the length of MAF window:.
The scalability of the proposed method is enhanced by nor-
malising the filtered current /g.cq., as

s Z feeder (k 7;) 9
feeder( ) [b ’ ( )
ase
where z? cder A0d Jy are the normalised feeder current and base

current, respectively. The latter current is determined based on
the nominal power and nominal voltage of the feeder DER. £
and 7] are the sampling step and sampling time, respectively.

To address the problem of the low sensitivity of the conven-
tional protection system of the HSPS system, the superposition
theorem [28] is used. According to this theory, the current sig-
nal consists of normal-running and fault-imposed components.
The latter is independent of the former and poses a signature
of fault. The superimposed network can be used to calculate the
fault-imposed component as

pu
fccdcr FI ('éT) fccdcr F (/éT) fccdcr,N (/éTf)’ (3)
where A" A and " are the fault-imposed, fault
feeder,F1° fccdcr > feeder,N p

(during fault) and normal- running (pre-fault) components of
the normalised feeder current. A common method to calculate
the fault-imposed component is to use the Delta filter [29] as

fccdcr FI (/éT) fccdcr (kT) fccdcr (/éT 7:{) (4)

where 7} is the time delay of the Delta filter.
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FIGURE 3 TFault-imposed current waveform of a feeder

Due to the DC nature of the current signal, the fault-imposed
component is nearly zero (due to the presence of normal distur-
bances is not exactly zero) during normal conditions while it is
non-zero when a fault occurs,as shown in Figure 3. Thus, even
a high-resistance fault occurs, the non-zero value of the fault-
imposed component can be used as a promising fault detec-
tion feature.

3.2 | Stage 2: Forced Helmholtz oscillator
During a high-resistance fault condition, the fault current is
not high enough to strongly increase the fault-imposed com-
ponent. It may result in a malfunction of the fault-imposed
current-based protection strategy during normal disturbances.
Consequently, to more increase the sensitivity of the proposed
scheme, the FHO is employed as follows.

3.2.1 | Operating principle

The second-order differential equation of FHO as an asymmet-
rical nonlinear oscillator is expressed as [30]

APx(wogt)  dx(@yt)
"2 ax(w,,t) — Bxc(wt)?
d(wosf)2 ﬂl(wosi) X( S ) IBX( S )
= I sin(@y/), ©)
where @, is the Helmholtz forcing signal frequency. u and F

are the damping level and forcing amplitude, respectively, and &
and f are the positive constants. By defining the system output

yas [30]

_ dx (W) 1 dx(W?) 6
TG an A0 ©
one can write
dy 2 :
i OS(—,L{)/ —ax+pBx"+ F sm(coosf)). )

If I exceeds its critical values F7, the system state changes from
normal motion to the chaotic motion. Indeed, /7. determines the
boundary of stable and unstable modes of FHO.
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The promising feature of FHO is that by changing the system
state to chaotic motion, its output reaches infinity because the
system is unstable. By adding small turbulence, the proposed
protection scheme is developed that operates based on the
condition of the system state during various conditions. During
a fault condition, the FHO output is infinity while during
normal operation, its output is non-infinity; it facilitates fault
detection.

3.2.2 | FHO-based directional element

Using the superimposed component of current, the modified
FHO equation is expressed as

dzx(wost) dX(COOSf) + ,
d(@,t)? d(@s?) o (@ost) = Bax(@ost)
= I sin(wyt), ®)

where F is the modified forcing amplitude and is defined as

F =050 =g g 9)

The IED of each feeder calculates the output of the mod-
ified FHO equation. During the normal operation that the
fault-imposed current is zero, F/ = 0.5F, < F. and thus, the
system output is in the stable mode. By solving (6) and (7), the
maximum value of y during normal conditions is determined
equal to 0.60 pu. When a fault occurs, the sign of fault-imposed
current determines whether the system motion is normal or
chaotic.

Since in an HSPS system, energy storage systems with the
bidirectional current flow are available, the pre-fault current in
that feeders can be positive or negative. If a DER injects current
to the HSPS system, the pre-fault current is positive. When a
high-resistance fault occurs in that feeder, the current direction
does not change but the current magnitude at the beginning
of the feeder decreases. Thus, the fault-imposed component is
negative. If a DER is in the charging mode and thus, it absorbs
the HSPS energy, the pre-fault current is negative. When a
high-resistance fault occurs in that feeder, the current at the
beginning of the feeder slightly increases with a negative sign.
Therefore, in this case, the fault-imposed component is nega-
tive too. It should be noted that for a low-resistance fault, the
fault-imposed component is negative in both aforementioned
cases. Since the control system of DER units regulates their
injected currents, the current of healthy feeders does not change
during a fault condition. Thus, the fault-imposed component is
neatly zero.

Consequently, for the faulty feeder that zg; der,FI

F’ becomes greater than £, and the maximum of system output
of modified FHO equation calculated at beginning of the feeder

is negative,

increases to infinity while its peak at healthy feeders is equal

to 0.60 pu because V. is zero and F' < F.. The proposed

feeder,F1

FHO-based directional element Dgyyq is defined as

1, y=o0
Dro = (10)
0, <1

If Dpyo = 1, itinterprets as a reverse fault condition and the
faulty feeder IED sends the trip signal to its associated solid-
state circuit breakers (SSCBs) for isolating this zone from the
healthy sections of HSPS, as shown in Figure 1.

To classify the fault condition, the proposed directional ele-
ment is determined in both positive and negative poles. It
should be noted that the absorbed current from the HSPS sys-
tem is measured in the negative pole. If the directional element
in both poles D, . and D7, , are 1, the fault is PP. If only one

€S Prho FHO :
of these directional elements becomes one, the fault is PG.

3.2.3 | Determination of critical forcing
amplitude

To determine the boundary of stable and unstable modes of
FHO, the Melnikov function A (%)) = 0 is solved. To this end,
unperturbed homoclinic coordinates (UHCs) are considered in
the steady-state. In this condition, the total energy of the sys-
tem should be zero. Hamiltonian /7 (x; y) is an operator that in
most cases represents the total energy of the system; thus, in
the unperturbed steady-state condition, /7 (x, y) = 0. The sys-
tem Hamiltonian is expressed as [30]

{ dx/dt = OH (x,)/9y, i

dy/dt = —0H (x,y)/0x.

On the other hand, since ¢ and F are zero in the unperturbed
system, (0) and (7) are described in steady-state as [30]

{dx/dt = Wye)s 12

dyfdr = COOS(—C(X + ,BXZ)

To determine the homoclinic coordinates, the following equa-
tion can be acquired by substituting (11) in (12) and solving the
resulting equation [30]:

H(x,y)=)l—+oc%—ﬁ— =0. (13)

The homoclinic orbits qg' and ¢, are determined by solving (13)
for x and y as a function of # as [30)]
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b2
q(;(z‘) = <—Z—Zsec2<@>,

15
332 L Va Voar
+ sec tan .
2 2 2
Thus, the UHCs ate expressed as [30]
(f) = + 3_“ 2 @

X)) ==+7 3 sec > )

(16)

3a3/2 \/EZ‘ \/al‘
J0@) == 2B sec2<T)tan(T).

Using the Melnikov function, one can write [30]

+o00
M(ty) = / 2 = 1) (F sin(@os) = wy(t = 1))t

B F 39312 ) Vet — 1) Vet — 1)
= /_oo 25 SecC 2 tan 2

3a3/? 2( Va(t — l‘o))

Zﬁ S€C )

I =/
tan (@)) dt. 17)

Solving (17) determines Melnikov function as [30]

X <F sin(wys?) — M

671 WA F cos (@, 6uas/?
M(f(]) a, ﬁ) 5; F,CU()S) = _7T S ( S ()) _ y2 . (18)

ﬁ inh TTW s 562
sin. \/a

Solving M = 0 yields the boundary of stable and unstable
modes of FHO [30]. Thus,

(Y4 COCZ)SF COS(COOSI‘O) 6#5{5/2 B

g inh( T2 ST
sin \/E

19)
Tw
/10(5/ Zsinh =
Ve
= COS(CO()Sf()) = 2 .
577;8600514
Since | cos(+)| is smaller than 1, one can write
5 TTW o5
,uaJ/Zsinh<—‘>
a
F> Ve . 20)

5w’

If (20) satisfies, FHO enters the unstable mode and its output
reaches to infinity. Consideting &« = 8 = 1, the critical value of
I as the boundary of stable and unstable modes of FHO is
expressed as

inh(7rew
F=usm< os).

c
5ws,

1)
Considering 4 = 0.5 and w,, = 1 pu, £7 is equal to 0.37. Thus,
F > 0.37 results in chaotic motion.

3.3 | Flowchart of the proposed algorithm

Figure 4 shows the flowchart of the developed directional
protection scheme. In the first stage, the noises of the measured
current of each feeder are removed using the MAF. Then,
the filtered current signal is normalised and the fault-imposed
component of the feeder current is calculated by the IED. In
the second stage, the output of the modified FHO equation
is calculated by the feeder IED for both positive and negative
poles. Based on this output, the proposed directional element
is determined. If Dpyyq in a feeder becomes one, the feeder is
faulty and the IED sends the trip command to the SSCB of that
feeder. Based on the values of the proposed directional element
in positive and negative poles, the fault type is determined.

3.4 | Practical implementation

IED is a key component of smart systems technology, facilitat-
ing the exchange of operational (status points and instantaneous
values) and non-operational (waveforms and files) data [31].
According to IEC TS 61850-2, it consists of the processor(s)
and can send (receive) data/control to (from) another electronic
device such as meters and controllers. The architecture of an
IED is shown in Figure 5. It has various functions such as pro-
tection, control and logics, metering and power quality analysis,
and monitoring [32]. After measuring the analog current signals
of both poles, they are converted to digital signals by the A/D
converter. The discrete signals are processed and the proposed
directional elements ate calculated that have binary values of
either 0 (no/forward fault) or 1 (reverse fault), based on (10).
On the other hand, IED is equipped with a self-monitoring
software that this watchdog (WD) service disables all IED
functions in the case of an internal error (zero output of WD);
WD signal is 1 when IED propetly works. According to the
logical diagram of the proposed method that is shown in
Figure 5, if WD signal is 1 and a fault condition is detected in
positive pole, the positive pole circuit breaker (PPCB) signal will
be 1 and the trip command is sent to the SSCB of positive pole.
Also, in the case of a detected negative pole fault while IED
has no internal error, the negative pole circuit breaker (NPCB)
signal will be 1. In the case of a detected PP fault, both PPCB
and NPCB signals will be 1 provided that WD signal is 1.
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4 | PERFORMANCE EVALUATION

This section is dedicated to evaluating the effectiveness of the
proposed protection strategy. To this end, the study HSPS
system of Figure 1 is simulated in MATLAB/Simulink envi-
ronment and several fault conditions are studied. The reference
currents of converters of the gas turbine, battery, superca-
pacitor, and PV is considered equal to 50% of their nominal
currents, i.e. 66.67 A, —46.67 A, 20 A, and 46.67 A, respectively.
The length of the MAF window, sampling frequency, and the

Flowchart of the developed FHO-based directional protection strategy

time delay of Delta filter are adopted equal to 300 samples,
5 kHz, and 0.03 s, respectively.

4.1 | Case 1: PG high-resistance fault in
unidirectional converter

The first case study is dedicated to investigating the developed
protection scheme for a PG high-resistance fault. To this
end, a negative pole to ground high-resistance fault with fault
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FIGURE 6  Feeder current and its normalised fault-imposed component

for a PG high-resistance fault at gas turbine feeder

resistance of 5 Q is simulated at gas turbine feeder at # = 2 s.
Figure 6 shows the feeder current and its normalised fault-
imposed component during this fault condition. When the fault
occurs, the current amplitude reduces from 66.67 to 20.25 A.
As the current direction does not change, the conventional
protection system of HSPS fails to detect this fault condition.
However, the negative value of zg; der,FI
on (9), resulting in system becomes unstable. Figure 7 shows
the output of the FHO equation calculated by IEDs of HSPS

feeders for both positive and negative poles. For the healthy

increases F' based

feeders, this output is lower than 1; thus, they are propetly inter-
preted as healthy feeders. However, for the IED of gas turbine
feeder (IED2), the FHO output for negative pole is infinity
while this output for positive pole is lower than 1. Therefore,
IED2 detects a reverse fault and sends the trip command to the
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FIGURE 7 FHO output for study HSPS system during a PG high-

resistance fault at gas turbine feeder
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FIGURE 8 Phase portraits of FHO for study HSPS system during a PG
high-resistance fault at gas turbine feeder

associated SSCB. The fault detection time is about 40 ms; this
relatively long time for a DC network fault detection does not
result in any problem because a high-resistance fault has a lim-
ited current amplitude and rate of change, and the fault current
is not destructive. Thus, a short fault detection time is not a
major priority for a high-resistance fault detection scheme. On
the other hand, using advanced routing, the processing delay can
be minimised [33] and is in the order of several microseconds
that can not affect the performance of the proposed scheme.
The fault condition is classified as a negative pole to ground
fault. The phase portraits of FHO for all feeders are shown in
Figure 8. The system state is the normal motion for all healthy
feeders while it is the chaotic motion for the negative pole of
1IED2.
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FIGURE 9 FHO output for study HSPS system during a PG high-

resistance fault at battery feeder

4.2 | Case 2: PG High-resistance fault in
bidirectional converter feeder

To evaluate the performance of the proposed method in the
case of a high-resistance fault in feeders with bidirectional
converters, a PG fault (negative pole to ground) is simulated
in the battery feeder. Unlike other HSPS sources, battery is
in charging mode and the pre-fault current is negative. The
fault resistance is 10 € and the fault is initiated at # = 2's. The
results are shown in Figure 9. The FHO outputs calculated
by IEDs of healthy feeders are lower than 1 and the system
states are stable in both poles. Also, the system state for positive
pole of IEDS is stable while it is unstable in the negative pole
of battery feeder and y; |y, increases to 0o. Thus, D
battery feeder becomes 1. The fault detection time is about

at

40 ms. It verifies the effectiveness of the developed protection
strategy for both unidirectional and bidirectional DC-DC
converters.

4.3 | Case 3: PP High-resistance fault

Although the high-resistance faults are usually pole to ground,
the objective of this scenario is to evaluate the performance of
the developed protection scheme in the case of a PP fault. For
this purpose, a PP fault is simulated at the supercapacitor feeder
with the fault resistance of 50 Q. Figure 10 shows the FHO
output calculated by IEDs of the study HSPS system. The
system states for the healthy feeders are stable and yjpp < 1.
While for both positive and negative poles of supercapacitor
feeder, the system states are unstable and J/?]—ED 4 and Jipp,
increase to infinity. Thus, the proposed method properly clas-
sifies this fault condition as a PP fault. Thus, a reverse fault
condition is detected by IED4 and it sends the trip command
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FIGURE 10 FHO output for study HSPS system during a PP high-

resistance fault at supercapacitor feeder

to the associated SSCB. The fault detection time is about
20 ms.

4.4 | Case 4: Parameter uncertainty

To investigate the effect of parameter uncertainty on the perfor-
mance of the proposed protection strategy, a PP fault with fault
resistance of 20 € is simulated at the PV feeder. The uncer-
tainty is considered in solar irradiance, environmental temper-
ature, and feeder impedance. To this end, solar irradiance and
temperature are decreased by 50% and 40%, respectively, while
the feeder impedances are increased by 15%. The outputs of
the FHO equation calculated by the IEDs of HSPS feeders ate
shown in Figutre 11. The maximum of FHO outputs for healthy
feeders are below 1 and based on (10), Dryo = 0. However, at
t = 2.03 s, yipp3 in both poles increases to infinity and the fault
condition is detected. The results verify that the change of the
network parameter does not affect the proper performance of
the proposed strategy.

5 | CONCLUSION

The conventional protection system of the HSPS system suffers
from ineffectiveness for high-resistance faults, where the fault
current direction does not change. This paper has proposed
a supplementary directional protection strategy to address
this problem. The developed high-resistance fault detection
strategy trelies on one IED at the beginning of each feeder,
sampling the feeder current. By calculating the fault-imposed
component of the feeder current, a reverse fault can be dis-
criminated from a forward fault because in the former case,
the fault-imposed current is negative while it is zero for the
latter case. To increase the sensitivity of the proposed strategy,
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FIGURE 11 FHO output for study HSPS system during a PP high-

resistance fault at PV feeder considering parameter uncertainty

the fault-imposed component is added to the FHO equation
solved by the feeder IED. The output of the FHO equation is
infinity for a reverse fault while it is lower than 1 for a forward
fault, facilitating the fault detection. The developed FHO-based
protection strategy is local and is effective for both unidirec-
tional and bidirectional converters. Also, it can classify the
fault condition. Several case studies on a £375 V HSPS system
verify the effectiveness of the developed protection scheme.
Extracting the unique features of high-resistance DC faults for
very high-resistance fault detection can be considered as future
work.
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