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Abstract- As the electrical power grids are extending in
capacity with connection of distributed generations, the fault
current level is increasing and approaching the capacity limits of
the circuit breakers. In this paper, a saturated inductor fault
current limiter (FCL) based on permanent magnet biasing has
been developed to overcome the inherent disadvantages
associated with many previous technologies such as
superconducting based techniques. A 3D Finite Element
Modeling (FEM) is used to develop and validate the proposed
design and compared it with air-cored inductor. A lab-scale
prototype was built to verify the design. Furthermore, a scaled
up model which could be introduced to 11 kV network is
introduced and its electromagnetic performance is evaluated.
Keywords—fault current limiter, permanent magnet, magnetic
field analysis, Inductance calculations, finite element method,
transient modeling, permanent magnet demagnetization.

I. INTRODUCTION
The increase of the power loads demand and the expanding
and integration of more renewable energy generation will
consequently have an impact on the level of fault currents [1].
The increase in fault current may exceed the current
capabilities of circuit breakers risking the power system
infrastructure and reliability. For future power systems to cater
for these fundamental changes, changing the whole
infrastructure with higher ratings is required. However, such
approach is not cost effective and feasible. Several solutions
and techniques for limiting fault currents have been proposed
in the past such as upgrading fast circuit breakers, system
reconfiguration, installing transformers with higher impedance,
current limiting fuses, air-core reactors, etc. [1]-[3]. However,
those methods were practically limited due to high estimated
costs, lack of system security and reliability.
There are recent techniques to address this issue by limiting
the fault current itself such as the introduction of
superconductors fault current limiters and solid-state fault
current limiters, but they still fall behind in addressing some
concerns such as the running cost, installation cost,
maintenance cost and reliability. Among the promising
techniques to limit the fault current is the magnetically
saturated reactor in which the biasing is achieved by a
permanent magnet assembly. Hence a permanent magnet fault
current limiter (PMFCL) has recently attracted a lot of interests
of researchers and scientists [4], [5]. The PMFCL is a nonlinear impedance device connected in series in an electrical
power system. Ideally, it has low impedance in normal
operation which rises almost instantaneously to a higher value
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under fault conditions, back instantaneously to low impedance
value after the fault clearance with no resetting procedure.

II. PMFCL MAGNETIC CIRCUIT
In principle, PMFCL devices are mainly consist of soft
magnetic core or cores which are biased to saturation by a
permanent magnet excitation systems (PM), and coils carries
the ac current wound around such cores. In the design of such
devices an attempt of utilizing analytical approach was
reported in [5]. In such approach the active components of the
magnetic circuit were linearized as shown in figure 1. Using
Amper's circuital law and empirical factors to cater for
magnetic saturation, the PM excitation system could be
estimated to ensure a reasonable level of saturation to the soft
magnetic cores. In normal conditions they are operating around
point P as in figure 1. At fault conditions, the ac fault current
brings the core back to point S introducing higher core
permeability and hence higher inductance. The ac operating
conditions of such PMFCL could be estimated from evaluating
the corresponding values of Hs and Hu. The analytical
approach fall short of calculating the core saturation depth of
such devices which is a crucial design parameter [7][8].

Fig. 1. Linearized B-H characteristics of active materials in PMFCL [5]

Recently, many PMFCL designs are introduced [4][6],
these designs are mainly address the topology of the magnetic
circuit. The numerical approach design of PMFCL was
reported in [5], 2D FEM software was used in the designs of
PMFCL, the FEM magnetostatic solver was the design tool in
the analysis of excitation system of many proposed PMFCL
configurations. In [8] the use of 2D FEM solvers was
investigated, it lacks of accurate calculations of the core
saturation depth, this is mainly due to large and variable
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component of a leakage flux along the third axise of the
magnetic circuit design; which is assumed to be constant in 2D
FEM. Hence the 3D FEM design tool is the accurate approach.

current. The coils connections and number of turns will adapt
the design for various operating current and fault levels.

In this paper, the design methodology of this class of
devices is presented, analyzed using 3D FEM tool and verified
by a small scale lab prototype. Moreover, the main
electromagnetic operating characteristics of a full scale
PMFCL design are presented and discussed which could be
suitable candidate technique to address higher fault current in
11 kV distribution systems.
III. DESIGN METHOD
The main aspects of the design of PMFCL are the accurate
calculations of the excitation system and the dynamic response
of the device. The excitation system of a PMFCL should be
addressed by the nonlinear 3D Magnetostatic solver with tight
values of the newton tolerance and the conjugate gradient
parameters. The FEM models should be solved with higher
polynomial order of the potential in the mesh elements. In
order to decrease the solution time, the polynomial order
should be increased only in the areas of interest like the air
region around the coils and core region. The B-H curve of the
core material is a crucial parameter in the design, hence a
measured characteristics of the core, where the magnetic field
intensity (H) is extended into the saturation region, is an
important input parameter to the design tool. The following
design parameters of PMFCL could be obtained using the 3Dmagnetostatic method:-

Fig. 2. PMFCL proposed design

A. Prototype development
A small scale lab version of the proposed configuration was
designed using 3D FEM magnetostatic and transient solvers to
verify the operating concept and the calculations of the
operating parameters. Another prototype of the same
dimensions was built with non-magnetic materials (no cores
and PMs). This is to compare the performance of the PMFCL
against air-cored inductor design. Figure 3 shows the
prototypes and Table 1 shows the details of the PMFCL.

• Geometrical topology.

The initial dimensions of the core and PMs was calculated
using classical magnetic circuit theory [5], the optimum
dimensions obtained using 3D FEM magnetostatic to ensure
the core saturations depth of minimum flux density value of
2.1T. An operating current at steady state of 5A rms, and fault
current of 30A rms has been selected.

• The core saturation depth.
• Steady state operating mode.
• Operating limits at fault conditions.
• Demagnetization limit of the PMs.
The analysis of the dynamic response of such devices could
be achieved using 3D nonlinear transient solver coupled to an
electrical circuit model. It should be voltage driven model,
where the operating current of such device in time domain is
the evaluated parameter at each time step. It is comprehensive
solver that requires higher computational time. The use of
magnetic symmetry and boundary conditions cut the
computational cost.
IV. PROPOSED PMFCL DESIGN

(a)

Fig 2 shows a proposed design for a PMFCL, the active
components of the magnetic circuit are four rare-earth PMs,
two soft magnetic cores and four ac coils. The PM poles are
positioned in the corner between the two cores and they are
placed in alternate polarity. The PMs should provide the
required excitation to drive the cores into saturation and
attending a flux density value of around 2.2T, such value of
flux density depend entirely on the chosen soft magnetic
material type for the core. Each of the ac coils is wound around
the two cores so that it will act at fault condition irrespective of
the fault occurrence in positive or negative half cycle of ac

(b)

Fig. 3. the PMFCL prototype (a) & the air-cored prototype (b)

In table 1, the dimensions, types of magnetic materials used
and the electrical characteristics of the coils are presented
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Parameter

Type or value

Iron core material
Iron core size (mm)
PM type
Permanent Magnet size (mm)
AC coil length along the core

M4
189 x 27 x 4
Nd-Fe-B (N52)
30 x 30 x 30
99 mm

A.C coil No of turns
Supply voltage

210
90V RMS

Frequency

50Hz

TABLE I.

core back to saturation due higher ac coils current driving the
core back in opposite direction to the PM field.

DETAILS OF THE PMFCL PROTOTYPE

B. Results
Fig 4 shows the flux density values of the PMFCL
prototype model at the instant of 40A peak fault current. The
figure shows the parts of the core that the fault current acts
against the PM excitation direction; driving it back to lower
flux density and hence higher inductance. The other parts of
the core is where the current in the same direction as the PM
excitation.

Fig. 5. calculated flux linkage for all the coils in PMFCL prototy

The inductance of the device could be obtained by
performing a couple of magnetostatic solvers at different
currents in order to obtain λ1 and λ2 corresponding to I1 and I2
then:
L = ∆λ/∆I
(2)
Fig 6 shows the calculated and the measured absolute
inductance of the PMFCL prototype. It shows good correlation
between measured and calculated results. Such characteristic
is quite useful to determine the operating current range of such
device and it is essential to determine the parameters of the
coupled electrical circuit that be used in the transient model.

Fig. 4. FEM result PMFCL prototype core at the fault current of 40A peak,

The range of the operating current of the PMFCL could be
evaluated by calculating the inductance of the device at a
defined current value. The flux linkage method is used to
calculate the inductance. At the postprocessing stage of an
FEM solution flux linkage λ which is the total flux linking a
coil of N number of turns ( λ=NΦ ) can be obtained as
Fig. 6. calculated and measured inductance of the PMFCL prototype.

λ =[λ(Ι)] Ι + λο

(1)

The 3D nonlinear time step transient solver was used to
calculate the dynamic response of the prototype. The FEM
model was coupled to electrical circuit model of a defined
voltage source and a load. The FEM model calculates the
current at each time step for steady stat mode. A switch across
the load defined to be closed at prescribed time to simulate the
fault condition and hence calculate the current profile of the
circuit. The modelling procedures were repeated for a model
where the core and PMs parts of the magnetic circuit were
defined as air. This model referred to as an air-cored model.
This is to show the effectiveness of damping capability of the
PMFCL. Due to magnetic symmetry of the design, a quarter of

where λo corresponds to a constant flux linkage through
the coil due to the presence of PM.
Figure 5, shows the calculated flux linkages of all the coils
for the PMFCL prototype. The profile shows three regions of
operation. The steady state region up to 8A where the device is
saturated and offer low impedance, the fault region between
8A to 30A where the device offer higher impedance due to
higher core permeability and the region over 30A where the
3

the model was used. Figure 7 shows the mesh of the FEM
model and the electrical circuit parameters.

C. Power grid desig
A design and modelling of 11 kV PMFCL for power grid
was carried out. The magnetic circuit of the design was chosen
to match the one of the prototype shown in figure 2. The details
of the main parts, materials types and the coils are in Table-2

Fig. 7. 3D mesh and the coupled electrical circuit models

Parameter

Type or value

Iron core material
Iron core dimensions
PM type

M4
(3 x 0.3 x 0.008) m
Nd-Fe-B (N52)

PM coercivity

Hc= -8.68x105 A/m

PM dimensionsperpole
No of poles
A.C coils cross
sectional area
A.C coils No of turns
AC coil length

An experimental set up to test the PMFCL and the air-cored
prototypes was established; it consists of variable supply
voltage, variable load, switch, and current-measuring
equipment. Figure 8 and figure 9 show the measured and the
calculated results where a sufficient agreement between
measured and calculated characteristics was established.

TABLE II.

(1x0.3x0.7) m
4
(1.026 x 0.31) m2
40
0.8 m

DETAILS OF THE PMFCL PROTOTYPE

Figure 10 shows the 3D magnetostatic modelling results of
the calculated differential inductance versus current. This
figure shows, for the defined parameter, the operating current
range of the PMFCL between 6kA to 10kA.

Fig. 8. Figure 8 Calculated dynamic response of the prototypes

Fig. 10. calculated inductance of the PMFCL.

Figure 11 shows the calculated dynamic response of the
design obtained from 3D transient solvers. In this figure the
response was compared to air-cored model to show the current
damping effect of PMFCL. It depicts that the proposed
PMFCL provides high capability of current limiting.

Fig. 9. Figure 9 Measured dynamic response of the prototypes
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V. CONCLUSION
The PMFCL technology is promising alternative to address
the ever increasing tendency of fault current in power network.
Such devices could be designed and developed with the aid of
3DFEM design tool to determine the electromagnetic
performance. The proposed design could be introduced to
power distribution systems. The operating current could be
tailored by adjusting the ac coils number of turns. The
proposed design offered good demagnetisation capability of the
PM poles. The cost of the PM materials is one of the
challenging commercial issues for such design. However,
proper choice of cost effective PM materials could overcome
this challenge. The proposed design has been analysed, verified
practically in limiting high fault current and compared with aircored one.

Fig. 11. Calculated dynamic response of the design

D. Modelling of PM DEMAGNETISATION
Under the high short circuit fault current values of 25 kA,
the demagnetization effect of the PM poles in the design was
investigated. This was achieved using the 3D magnetostatic
solver where the ac current of 25 kA in the coils was defined.
The demagnetization proximity of the PM poles or a region
within the PM pole could be displayed in post processing stage
of the FEM solution. Figure 12 shows the result of the PM pole
demagnetization proximity modelling. The negative values in
the figure indicate that the PM pole is still within the
magnetization region. Only region of the pole with a positive
value indicator could be subjected to demagnetization [9].
Hence the modelling results shows that the PM poles in the
design could withstand much higher fault current values. This
is mainly due to the topology design of the magnetic circuit
where the fields from the ac coils are in perpendicular plain to
the PM fields.
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Fig. 12. Modelling of demagnetization effect of the PMFCL poles at 25 kA.
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