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Abstract: This study presents a novel magnetic-based solid-state dual-function fault current limiter and power flow controller
(FLPFC) that offers a promising application for safe and controllable interconnection of microgrids to upstream AC grids. The
proposed structure includes series reactors and power electronic switches that protects microgrid from upstream AC grid short-
circuit fault and it controls the power flow between microgrid and upstream grid. Performance of the proposed FLPFC is

analysed and simulated using Matlab/Simulink and results are confirmed by experimental tests.

1 Introduction

In the past decade, power system community has found a practical
way to integrate the emerged vast potential of distributed
generations to grids by developing microgrids [1]. Actually, these
small autonomic grids have existed for many decades in remote
communities where the interconnection with the main power grid
was not feasible due to technical and/or economic reasons. Due to
their scalability, competitive investment costs and flexible
operation, fossil-fuel generation technologies have been the most
common choice for electricity supply in these remote grids.
However, with the demonstrated technical and economic feasibility
of greener generation technologies based on wind, solar, hydrogen,
and hydropower, integrating these technologies has become a
priority in microgrids [2]. Microgrids as sensitive distribution
networks need to be carefully managed and protected against fault
currents [3]. Solutions for the protection issues that have been
reported in the literature are as follows: using a directional over-
current relay, using differential protection schemes, using fault
current limiters, protection based on negative and zero sequences,
voltage-based protection, adaptive protection, and the coordinated
protection techniques [3, 4]. Power management, intelligent
control, and protection are the most critical factors for design and
operation of efficient, reliable, and sustainable microgrids [5, 6].
Power flow can be adjusted by change in the line impedance or
phase angle difference, or the bus voltages [7]. Power exchange
control is studied in several small-scale systems using a power
flow controller (PFC) [8]. The electric power flexibility control
based on PFC hits several goals as follows: improved operation
rate of regional renewable energies, reduced capacity, and
increased use of accumulation of electrical equipment for electric
power quality maintenance introduced into the system, improved
supply reliability of renewable energies, advantage of scale for
power generation equipment, and electricity storage equipment [8].

A type of variable inductor that can be controlled by DC bias
flux which is generated by a DC current has been introduced in [9].
Its magnetic structure includes a series AC coil that connects an
AC source to the load and the series reactor inductance is changed
by DC flux in the core and consequently, AC current can be
controlled as the PFC [10]. Actually, faults in the microgrid and
upstream AC grids can damage grid apparatuses and its sensitive
loads. In [11-15], fault current limiter (FCL) as a protection device
in the microgrid is presented to limit the magnitude of the fault
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current. In [11], FCL is introduced as a solution for connecting
upstream AC grid to the downstream microgrid. A resistive
superconductor is a type of FCL that has been presented for
preserving microgrid against faults [12]. In addition, solid-state
FCLs are another type of fault limiters that have been reported in
[13—15]. Solid-state FCLs are presented as a DC-reactor type FCL
in [16], transformer-based solid-state overvoltage and current
limiter [17], series transformer type FCL in [18, 19], AC/DC
reactor type FCL in [20], and saturated core type FCL in [21-23].
Saturated core fault current limiter comprises of a DC bias coil and
AC series coil where its core works both in saturation and linear
states [22]. Recently, several novel magnetic-based topologies are
introduced [23-25]. In [26], the saturated core FCL with two cores
has been presented where DC coil did not influence the AC flux
and negligible voltage induction appears on the DC coil.

In this paper, a novel magnetic-based power electronic device is
presented to protect the microgrid against the fault current and is
able to control the power exchange between the upstream AC grid
and microgrid. The remaining parts of the paper are organised as
follows:

Section 2 presents the system configuration and the proposed
device structure. The analytical analysis is given in Section 3.
Controlling unit is introduced in Section 4. Simulation results
including current, voltage, and power waveforms are reported in
Section 5. Experimental test results are reported in Section 6 and
finally, conclusions are given in Section 7.

2 FLPFC configuration

This section presents the initial location and structural details of the
proposed FLPFC. The proposed FLPFC is allocated in the tie-line
connecting the microgrid to the upstream AC grid as shown in
Fig. 1. In this location, power flow between the microgrid and
upstream grid is controlled and both grids are protected against the
grids fault currents from each other.

Fig. 2 shows the single line diagram of the proposed FLPFC
structure comprises of two saturable cores, two AC windings, and a
DC coil. Inductors Lac, and Lac, are located in separate cores 1
and 2. The device connected in series with the tie-line. The DC coil
wrapped around both cores magnetic arm. Inductors Lac, and Lac,
have equal inductance and those magnetic fluxes in the DC
controlling core are reversed. Therefore, the AC flux passes
through the DC coil is ~0. The DC coil current and consequently
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Fig. 5 Proposed FLPFC equivalent circuit in PFC operation mode

its DC flux is determined by DC controller unit, which acts
according to the line current/voltage measurements.

The proposed structure operates in three operation modes. In
the following, the equivalent circuit for each operation mode is
presented and discussed. In the first operation mode, the grid is in
normal operation and power flow control is not intended; therefore,
the FLPFC presents a low series impedance. The second operation
mode is dedicated to the grid faults. In this case, the fault current
should be limited by high impedance. In the third operation mode,
power flow control is carried out by impedance variation imposed
by FLPFC.

2.1 Normal operation mode

During the normal operation mode, the DC coil saturates both
cores to decrease the series AC reactor impedances. The equivalent
circuit for this operation mode is shown in Fig. 3. In this equivalent
circuit, Xy and X, are the AC reactor impedances considering the
magnetic leakages, Ry and R, are coils resistors with negligible
values.

2.2 Fault operation mode

During the fault condition, the line current increases suddenly. The
fault current direction is dependent on the fault location i.e. AC
upstream side or microgrid side. In the instant of upstream fault,
the current transformer (CT) measures the line current and the
control unit sends a command signal to the solid-state switches. In

270

this case, the DC coil current interrupts and magnetic cores become
saturated. Therefore, two series high-inductance AC reactors
appear in the tie-line to limit the fault current and the proposed
FLPFC protects the microgrid. Fig. 4 shows the equivalent circuit
of the proposed FLPFC during the fault mode. In this circuit, X
and X, are the series reactor impedances while the magnetic core is
not in the saturation region. R and R, are the negligible resistance
of the AC coil.

2.3 Power flow control mode

In this case, the FLPFC operates as a magnetic amplifier where the
DC coil current acts as the control system and the AC coils
produce a variable series inductance. In Fig. 5, it is shown that the
value of X and Xj is controlled by the DC mutual effect of the DC
inductor (Lpc). Note that, the DC inductor does not influence by
AC coil because of those reverse coupling effect. In the magnetic
core linear region, by increasing DC flux, AC coil impedance
decreases and by falling the value of the DC flux, the AC coil
impedance value is raised almost linearly. Therefore, the power
flowing through the under control tie-line is controlled using the
variable series impedance of the FLPFC. The variable DC current
is provided by the power electronic variable source in the
controlling system.

Comparing the proposed FLPFC and saturated core fault
current limiters (SCFCLs), it is noteworthy to mention that,
SCFCL just operates in two states. In the normal operation mode
which its impedance is at minimum level by the core saturation
action. In fault conditions, it protects networks by imposing
maximum impedance where DC saturation current reaches to zero.
Moreover, SCFCLs operate with a simple control mechanism just
based on a fault detection system. In the proposed FLPFC, cores
DC flux is controlled between zero till core saturation by the use of
DC/DC converter. In this structure, power flow control is based on
PMU measurements.

3 Analytical studies

In this section, analytical studies are given according to three
equivalent circuits presented in Section 2. For this propose, three
sets of separate equations are given to show properties of the
proposed multi-functional FLPFC.

3.1 Normal operation mode

During the normal operation mode, the FLPFCL cores are
completely saturated by the DC-biased coil. During the steady-state
condition, the phasor analysis is applied to calculate the FLPFCL
voltage drop and power losses as follows.

Verere = jQ2af)(Lsi + Lso)liine + (Ry + Ro)line e

Ploss(normal) = (Rl + RZ)Ilzine(normal) + RDCIIZDC (2)

where Vg prc is the voltage drop across the proposed device and
depends on Lg; and Ly, as the leakage inductances of the AC coils,
and R and R, as the resistances of the AC coils. This voltage drop
assumes to be negligible. In addition, Pjoss(normat) depends on the
square of the line current and DC saturation part current and DC
and AC coil resistances where because of saturation state, core loss
is zero.

3.2 Fault operation mode

In the fault conditions, the DC coil current reaches to zero, the
FLPFC cores bring out the saturation region and AC coils
inductance increases. During the fault period, we have the
following equations.

difine(faule(t)

veLpre(t) = (L + Lz)( a ) + (R + Ry)ilinetauly () 3)
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“

+ ]maxe*((ch/ch)f)
Pluss(fault) = (RI + Rz)llzine(fault) + 2Pcore (5)
Poss(tault) (R + R)inetauto + 2Peore % 100 6)

Ploss(normal) Y (Rl + Rz)Ilzine(normal) + RDCIIZDC
Equation (3) presents the FLPFC voltage drop which directly
caused by high AC inductances L and L, and the fault current
Hine(faulty- In (4), line current in the fault mode is defined by the
voltage difference between upstream and microgrid voltage and
line impedance. The first term represents the steady-state current
and the second term models the transient part. The peak value of
the fault current depends on the fault location and equivalent
resistance and inductance.

Equation (5) shows FLPFC power losses that depends on AC
coils resistance, limited fault current, and cores loss. Equation (6)
presents percentage ratio of power losses in the fault and normal
operation condition.

3.3 PFC mode

Active power transfer between the upstream bus 1 and microgrid
bus 2 is given by (7). As mentioned before, the transferred power
can be controlled by an impedance change in the tie-line as shown
in (8).

VaVp .
Py =% sin() @)
XT = (Zﬂ'f)(Ll + Lz + Lline) (8)

where Py is active power transfer between upstream grid and
microgrid. V, and V) are bus voltages, &,, is the phase angle
difference and Xjj, is the line equivalent reactance.

Core specification is defined by its B-H curve. In (9), the
proposed FLPFC B-H curve is modelled where B, is saturation
flux density, Hpc and Hac are DC saturation and AC magnetising
field is applied to the core. In (10), the FLPFC voltage drop is
given where Nac is the AC coil turns and A4 is core cross-section
area. In (11), the FLPFC inductance value is shown depends on

FLPFC AC and DC magnetising fields.
Bi(t) = By (1 — e Iac) ©)

d(1 - e*(HDC+HAC(t))
VELPFC(!) = NAcAB nax @ ) (10)

NacAB
AC ) (11

Lrvprc = (diline(t)/dt

(1 — e+ Fac)
e

Equation (12) presents the reactance value of the power flow
controller and (13) models the transfer power based on DC bias
current Ipc.

NXAX Bmax)(e(éxlnc)) d

digo7di _(ef(m""”m))“““e] 12
mne

Xr = @) a

Therefore, the transferred power is:

p = V,Vpsiné ;3
T ke © g ) 4 o (13)
where
k = NacAcBua (14)
N
£=—7- (15)
(4
Nac
P=-7 (16)
.

As shown in (13), the transfer power is related to /pc. The transfer
power variation versus the DC coil current is shown in Fig. 6. In
this curve, DC current changes between 0 and 50 A to provide DC
flux and transfer power changes between a band limited by
Xiine + Xs1 + Xs» Xjine + X1 + X, and core saturation constrain.
Moreover, in Fig. 6 the proposed FLPFC performance is presented
considering three various phase angle differences due to upstream
and microgrid generation condition. In fact, in order to transfer
maximum power by FLPFC, we have some constraints that are
leakage inductance of AC coils, line inductance and the other series
impedance between the two networks. The minimum power
transfer constraint is non-linear behaviour of the cores.

4 Control strategy

In this section, the control strategy is presented in three operation
modes i.e. normal operation, fault limiting mode, and power flow
controlling mode as shown in Fig. 7.

The buses voltage and current signals are sampled by the PMU
units. Line voltage and current are compared with the reference
current and voltage values to detect the fault or normal conditions.
In the normal operation mode, the DC/DC converter feeds the
maximum DC current for the cores saturation, and in the fault
condition, the converter is turned-off and DC current reaches to
zero. The power flow control mechanism can be activated by an
external command, sent by the grid operator or dispatching centre.
This system controls the DC/DC converter IGBTSs pulse duty cycle
by using current feedback to feed the appropriate DC current of the
proposed FLPFC. The PFC control system has two inputs
including DC control current and line power flow measurement.
Moreover, power flow set-point handled by the communication
layer changes converter DC current level to achieve new power
flow set-point. To clarify more, control strategies of fault detection
and power flow control are explained as follows:

4.1 Fault detection

In this control mode, line current and voltage are measured as data
A and B. Data A is compared with the reference X and data B is
compared with the reference Y. If A becomes >X or B becomes <Y,
then fault state will be detected and, DC/DC converter PWM
decreases to zero and its output DC current reaches zero. If not,
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Table 1 Electrical elements information

Parameter Description Value
Va microgrid bus voltage 1.02 pu
Vp upstream bus voltage 9.9 pu
Sab phase angle difference of voltages 7 deg
Lq maximum inductance of first AC coil 0.2H
Lo maximum inductance of the second AC caoil 0.2H
Liine tie- line inductance 10 mH
Lpc DC saturation maximum inductance 1.5H
RFcL FCL resistance 0.08Q
Riine line resistance 0.05Q
Riault fault resistance 0.01Q
Vpase voltage base value 63 kV
Ipase current base value 500 A
Sbhase apparent power base value 315 KVA

grid works in normal operation and DC/DC power converter PWM
is in its initial setting.

4.2 Power flow control

In this control mode, local operator or dispatching centre sends an
appropriate reference of power flow as data Z. In this state, line
power is measured as data C. Data C is compared with data Z. If C
is >Z, then generated command decreases DC/DC power converter
PWM to decrease DC control current. If not, data C is <Z, then
generated command increases DC/DC power converter PWM to
increase DC control current. Accordingly, power flow can be
adjusted to data Z.

5 Simulation result

In this section, simulation results are carried out considering two
cases i.e. fault current limiting mode and power flow controlling
mode. In the first case, the fault is applied to the upstream grid and
microgrid forced to supply considerable fault current. Therefore,
effect of the proposed FLPFC is studied for microgrid protection in
the fault condition mode. In the next case, the power flow is
controlled and fixed in two levels. Simulation is done based on the
proposed grid shown in Fig. 1 and the electrical parameters values
are listed in Table 1. The results are given in per unit, and the base
values are presented in Table 1.

5.1 Fault current limiter mode

It is assumed that the fault has occurred in the upstream grid. In
this case, 40% of microgrid demanded power is provided by the
upstream grid and 60% of the power is provided by the microgrid
distributed generators (DGs). Fault location is considered to be 20
km far from bus 2 in the upstream grid, which cause a very high
voltage drop in this bus. Due to the occurred fault, the fault current
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is flowed by microgrid generators. Fig. 7 shows voltage, current,
and power flow during the normal and fault conditions are affected
by the proposed FLPFC.

Fig. 7a shows the microgrid bus 1 voltage during the normal
and fault conditions while its normal value is 1 p.u. The fault has
occurred in #=100 ms and microgrid voltage is restored and fixed
to 0.92 p.u, after a transient state. In Fig. 7b, the upstream bus 2
voltage is presented while fault has occurred in upstream close to
bus 2. During the normal operation, the bus voltage is almost 1 p.u
and in the faulty condition high voltage sag occurs and its
amplitude decreases to 0.2 p.u. Fig. 7c shows the proposed the
FLPFC voltage drop. As shown here, there is a negligible voltage
drop during the normal operation mode because the magnetic core
is completely saturated. In this state, its voltage drop reaches to
0.02 p.u but after fault occurrences and interrupts of DC saturation
current, its voltage drop raised to 0.87 p.u and protects the
microgrid from upstream fault. The current waveform is shown by
Fig. 7d while during the normal operation mode, its amplitude is
0.65 p.u from the upstream to the microgrid. In the fault duration,
the limited current with 0.8 pu amplitude is sent from the
microgrid to the fault location. Fig. 7e shows the power flow
between the upstream and the microgrid. In the normal operation
mode, the upstream sends ~0.4 p.u active power to the microgrid
and after the fault occurrences, the power flow is limited by the
proposed FLPFC and reaches to <0.1 p.u. Furthermore, the reactive
power flow during the normal operation mode is 0.04 p.u.

5.2 Power flow control mode

In this case, the transferred power between the upstream and the
microgrid is set in three different levels and performance of the
proposed FLPFC in the power flow control mode is studied. From
to till #;, the power flow is set in the first setup. From ¢ till #, and #,
till #3) the power flow adjusts in the second and third setups. These

IET Energy Syst. Integr., 2019, Vol. 1 Iss. 4, pp. 269-275

This is an open access article published by the IET and Tianjin University under the Creative Commons Attribution-NoDerivs License

(http://creativecommons.org/licenses/by-nd/3.0/)



adjustable setups are resulted by variation of the DC control
current. In Fig. 8a, the microgrid bus 1 voltage and the upstream
bus 2 voltage are shown together and the power flow control factor
is inductive impedance between these two voltages.

In Fig. 85, FLPFC voltage drop is shown in the three separate
setups. These setups are based on series reactor value changing
which is given in (5). In each setup, L and L, are changed by the
DC control coil in agreement with (9). In the first setup, the FLPFC
voltage drop is 1.1 p.u. In the second and third setups, the FLPFC
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Fig. 8 Fault limiting mode
(a) Microgrid bus voltage, (b) Upstream bus voltage, (¢) FLPFC voltage drop, (d) Line
current, (e) Transferred active power

Table 2 Electrical parameters values

voltage drop changes to 0.09 and 0.03 p.u, respectively. In Fig. 8c,
the main signal is given presented the variable power flow in the
line. In the first setup, the power flow is limited in 0.08 p.u. In the
next setup, after a transient time i.e.10 ms, the power flow is fixed
to 0.15 p.u. In the final setup and after a transient time, the power
flow reaches to 0.35 p.u. This operation confirms the prospered
operation of the FLPFC in PFC mode.

The value of required DC control current is not too much. As
magneto motive force (mmf) for saturation is provided by DC coil
turns and current (high numbers of coil turns and low current). On
the other hand, resistance of the DC control coil is low. Therefore,
a low voltage can feed acceptable DC current. Considering the
explained operation, converter input power is low and magnitude
of its current harmonic is low too. Furthermore, because of DC
saturation coil low resistance and high inductance, DC current
ripple is close to zero, which no series voltage harmonic is induced
in AC coils.

6 Experimental test resulit

In this section, the scaled-down experimental setup of the proposed
PFCCL shown in Fig. 9 is tested and its results are presented. The
laboratory setup parameter values are listed in Table 2, and Table 3
lists the electrical elements specifications.

In this prototype setup, the proposed PFCCL is connected
between single-phase AC grid and microgrid that contains battery
storage and inverter. In this laboratory experiment, the line current
and the power flow signal are observed in two different tests. In the
first test, fault is applied to the AC grid by using a solid-state relay.
The impedance of fault is 0.01 Q, and it is located between phase
and ground. The line current and the power flow signal are
measured as shown in Figs. 10a and b. It is clear that the fault
current and the power flow is limited during faulty condition by
fault current limiting operation, and it is in fair agreement with
simulation results reported in Fig. 8. In the second test, there is no
faulty condition and power flow is controlled by three different set-
points. In Fig. 10c, power flow signal is shown where power flow
values change. This result confirms simulations reported in Fig. 11.

Fig. 9 Experimental prototype setup

Parameter Description Value
Va voltage of microgrid bus 16V
Vi voltage of upstream bus 159V
Sab phase angle difference of voltages 7 deg
Lq maximum inductance of first AC coil 0.1H
Lo maximum inductance of the second AC coil 0.1H
Liine tie-line inductance 5mH
Lpc DC saturation maximum inductance 0.7H
Riine line resistance 0.01Q
Riault fault resistance 0.01Q
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Table 3 Electrical elements data

Element Description

core toroid core, Fe powder
power converter 5-300V DC/DC 1000 W
IGBT STGP10NC60H
controller NodeMCU
solid-state relay 30A, 700V

Fault Occurrence

Normal Condition Faulty Condition

@50 v~ 0.00div

Powér flow limiting during fault

N

N

Power flow-transient after
fault occurrence

@:0. 00V 0.0043

First state

@50 0V~ 0.00div

Fig. 10 Experimental test results
(a) Normal and fault current, (5) Power flow during normal and fault operation
condition, (¢) Power flow control during normal operation

7 Conclusion

In this paper, a novel magnetic-based solid-state dual-function
FLPFC is presented. Its normal and fault operation modes are
mathematically analysed, and its performance is validated with
simulation and experimental prototype results. It is shown that this
device offers a promising application for safe and controllable
interconnection of the microgrids to the upstream AC grids.
According to the analysis, the proposed FLPFC can successfully
limit the microgrid overcurrent due to the upstream faults and is
able to control the power flow between the upstream and the
microgrid in a specified band.
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