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Abstract— A Solid-State Fault Current Limiter and
interrupting device (FCLID) with power factor correction suitable
for low-voltage distribution networks employing the Switched
Capacitor (SC) Circuit is presented. Some design parameters are
investigated and some optimisation is applied. In this application
the Switched Capacitor (SC) is inserted in series with the supply
line via an isolating transformer, providing both power factor
correction and limitation of the current to a pre-set value in the
event of a fault. Interruption of the fault is also possible by setting
both semiconductor switches in the off state. The voltage across
the load is increased. Optimisation is applied to correct the power
factor to an acceptable value of 0.85 and keep the load voltage
within acceptable limits. Losses are estimated and rating of
components is discussed.

Keywords— Switched Capacitor, Duty Cycle, Power factor,
Current limiter, Distribution network

I. INTRODUCTION

Fault current limiting and interrupting can only be achieved
by inserting a device in series with the line [1]. In this way the
level of the fault current is limited to a safe value for the circuit
breakers to perform the interruption much more safely. Thus
the rating of the transformers, circuit breaker (CBs), buses and
other electric equipment at fault current is lower.

Solid State switches are used together with reactors [2]. LC
tuned circuits [3] in Fault Current Limiters. An isolating
transformer [4]-[5] option providing flexibility in the choice of
the VI ratings of the components used is also an option.

The Switched Capacitor (SC) Circuit, Fig.1 can be set to
have either inductive or capacitive impedance at any value by
setting the duty cycle of the semiconductor switches, Fig. 2. In
the past it was employed for power factor correction [6] and for
harmonic current compensation [7]. Fig.3 shows the voltage
across the semiconductor switches and passive components of
the SC circuit.

In this application, the Switched Capacitor circuit offers the
capacitive series impedance during normal operation in order
to improve the power (8). The fact that the power factor
correction takes place in series gives rise to the load voltage.
During a fault the impedance of the SC capacitor circuit can be
set at any value in order to limit the current to a safe and
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predetermined value. Limiting of the Fault current is achieved
by setting the duty cycle of the switches S1 and S2.

Compensation of the power factor is done by adjusting the
impedance of the SC Circuit to match the impedance of the
load. Specifically since most of the loads are inductive, the
reactance of the SC circuit is set capacitive at a value to set the
power factor at an improved value

In this investigation the circuit is optimized for a power
factor of 0.85 and the increase of 5% of the output voltage is
allowed. This can be an advantage in areas with low supply
voltage.

In this application the switched capacitor circuit is inserted
in series with the load Fig. 4, via a transformer providing power
factor correction and in the event of a fault it limits the current
to a pre-set value. Interruption of the fault is also possible by
setting both semiconductor switches Si, S, in the off state. The
isolating transformer option has the advantage of taking the
capacitor out of the power path. Provision of flexibility in the
choice of the VI ratings of the various components will be
discussed.

II. THE SWITCHED CAPACITOR CIRCUIT AS A CURRENT
LIMITER AND POWER FACTOR COMPENSATOR

A.  The switched capacitor circuit

The operation of the switched capacitor circuit Fig. 1 is
explained in [8]. An expression (1) relating the impedance of the
circuit to the duty cycle of the switch is derived. The relevant
graph is given in Fig. 2.
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Fig. 1 The switched Capacitor circuit.


https://core.ac.uk/display/362652168?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

2

Ko?
wC

Ko is the duty cycle of Sy,  represents the ohmic resistance
of the passive components and semiconductor switches, o is the
mains frequency, L and C are the values of the inductor and the
capacitor in the circuit.
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Fig.2  Impedance of the switched capacitor circuit against Ko-the duty
cycle of the switch S;.

The voltage across the semiconductors and the switches and
the passive components is higher than the voltage across the
circuit. Expression (2) gives the capacitor voltage which is also
the voltage across semiconductor the switches. This is
displayed in Fig. 3, against the duty cycle of the switches Ko.

In Fig.3, two sets of values for L and C are displaced. As
shown, higher values of C gives lower values of capacitor and
switches voltage.
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Fig.3  Voltage across the capacitor (KV) as a function of Ko

In order to take the capacitor away from the main stream of
load current, an isolating transformer is used, Fig. 4.
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The power circuit of the SC current limiter and power factor
compensator with isolating transformer.

Fig. 4

The transformer is connected with the primary to the
switched capacitor circuit and the secondary to the power
circuit, Fig. 4. The leakage inductance of the transformer is
used as the reactance for the SC circuit and it can be
complemented by an external inductor if necessary. This is L,
Fig.5, giving with Capacitance the reactance X in the SC
circuit. By taking into consideration the source impedance, the
copper losses in the circuit, the on-losses of the semiconductor
switches, the stepping action of transformer and the power
circuit takes the form of Fig. 5.
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Fig. 5  Equivalent circuit of the Fault Current Limiter without the fault

The total impedance is given by
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N is the turn’s ratio of the transformer.
And the power factor at the input of the circuit is given by
expression (4)
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In order to investigate the effect of the voltage across the
load Vioag, this voltage is expressed as a ratio to the supply
voltage.

V 0d
I/LoazdRatio = % (5 )

Furthermore, in order to investigate the voltages across the
semiconductor switches and the passive components of the
switched capacitor expression (6) is derived.

V.(Ko)
|14

OVR(Ko) = (6)

These quantities are displayed in Fig. 6 and Fig.7 for two
different sets of Ly, C and N against the duty cycle of the
switches Ko. For every value of the power factor there is a
corresponding value for the load voltage and the voltage across
the semiconductor switches and the passive components of the
switched capacitor.

From the graph of Fig. 6, Ko is found for the desired power
factor. It is found from this graph that for a power factor
corrected to 0.85 lagging, the load voltage is always 5% higher
than the supply.

Fig.7 is a similar graph but for different values of L C and
N. The low value of C in the circuit allows the bell shape for
both the power factor and the voltage across the load. As shown
the power factor can be either lagging (LHS slope of the PF
curve) or leading ( RHS slope of the PF curve)
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IIT. SIMULATION OF THE FAULT CURRENT LIMITER

The Fault current Limiter circuit of Fig. 4, is first simulated
in PSIM. The reactance of the switched capacitor circuit is set
by Ko to the appropriate value in order to compensate the load
as found from the appropriate graph of Fig. 6. A number of
choices exist regarding the turn’s ratio and the value of C and
Lipe. Some of these choices are shown in Table I, II and III. In
all three cases the power factor is corrected from 0.786 to 0.85
by setting the corresponding value of Ko.

TABLE L Liws =0.05H C=40F N=0.5 K0=0.465
Table I Voee | Vipgp | Viead | Vie I Ip
(rms) | (peak) | (rms) | (peak) | (rms) | (rms)
Normal 229 70.7 | 243.4 | 1300 | 47.6 | 23.8
operation
Fault 230 460 - 810 | 144 | 7.07
limiting
period
TABLE II. Lies =0.005H C=200F N=2 K0=0.485
Table I1 Viee Vipep | Viead | Vse I Ip
(rms) | (peak) | (mms) | (peak) | (rms) | (rms)
Normal 228.5 | 101 244 | 1297 | 47.5 | 23.8
operation
Fault 230 650 - 811 | 143 | 7.15
limiting
period
TABLE III. Lies =0.005H C=200F N=0.5 Ko=0.535
Table 111 Vpee Vipep Vioad | Ve I Ip
(rms) (peak) (rms) (peak) | (rms) | (rms)
Normal 224.5 101 244 287 | 47.6 | 23.8
operation
Fault 230 459 724 | 642 | 322
limiting -

period




The voltage across the semiconductor switches and the
passive components of the switched capacitor (OVR) must be
kept as low as possible. The lower values of this quantity are
achieved for the larger values of C as dictated by the graph of
Fig.3. Furthermore, values of the turn’s ratio of the transformer
lower than one reduce this voltage dramatically, Table III.

In this investigation a load of a 4Q resistor and load
inductance 0.01H giving a load power factor of 0.786 and a line
current of 47.5A is considered. The actual fault current of the
circuit is 12.34KA. In normal operation the SC circuit is acting
as a power factor corrector. The inductive impedance of the
load is matched to the impedance of the SC circuit by choosing
the appropriate value of the duty cycle Ko from graph of Fig. 6.

The fault is applied at one second and Interruption takes
place two seconds after the occurrence of the fault. These of
course can be set to any value. Limiting action is applied by
inserting the maximum reactance of the SC circuit by setting
the duty cycle to 1 i.e. switch S1 is permanently on. Simulation
results

The SC circuit inductance Ly, and capacitance C are set in
the first instance at 0.05H and the capacitor is 40uF, Table I.
The transformer ratio is 0.5. In order to keep the power factor
to 0.85 and the corresponding value of the load voltage to only
5% (241.5V) above supply voltage the duty cycle of the
switches is derived from graph of Fig. 7 as 0.485. At this value
the voltage across the capacitor and the semiconductor switches
is 4 times higher than the supply! This voltage is dramatically
reduced when a higher value of capacitance is chosen.

For Lie=5mH and C=200uF and keeping N=2 the results
are shown in Table II. The voltage across the switching
transistors is kept to 4 times the supply voltage with the same
turn’s ratio. When the turns ratio is set to 0.5 the results are
better, Table III. From Fig.3, it is evident that lower voltage
across the capacitor and the semiconductor switches occurs at
higher values of capacitance C and lower turn’s ratios of the
transformer. If we consider Table III, the case of the
transformer with half the turns in the secondary compared to
those in the primary (N = 0.5), L= 0.005H and C = 200pF,
the voltage across the transistors and the capacitor is only 0.88
p-u. the supply voltage. The current in the SC circuit is naturally
half'the line current at 23.7A. During the current limiting period
the current is limited to 64.2A i.e. 1.35pu. Also the voltage in
the SC circuit is raised to 723V only (2.225pu) and the current
in the SC capacitor circuit to 35.35A.

Fig. 8, displays the Line current before the fault (power
factor correction mode) and during the Fault (Current limiting
mode) and the Interruption of the fault (interruption mode). The
load current is 47. SA and in the event of a fault it would have
been 12.3KA. The Switched Capacitor limits the current to
64.2A (1.5 pu) one cycle after its occurrence. Eventually the
current is interrupted three seconds after its occurrence.
Limiting and interruption actions depend on the control circuit
and can be set to suit the application. Also the current during
the limiting period can be set accordingly. Limiting action is
achieved by inserting the maximum reactance of the switched
capacitor by setting Ko = 1 i.e. S; is permanently on. For the

first few cycles of the application of the fault the current
exceeds the normal current by about 2.5 times

PF
correction Current
modg Limiting mode Interruption
mode
Fig. 8  Line current before and after Fault with Interruption of the fault,

Table 1T

A. Ratings of components of the Solid State Current Limiting
Device

In this section the voltage current rating of the transformer,
Capacitor C and the two semiconductors switches are
discussed. The best set of values for Ly, C and N are in Table
III, for the lowest rating of the transistors, and hence suitable
transistors are selected.

The maximum voltage across the transistors is 724V (2.23
p.u.) during the current limiting period and the maximum
current at the same period is 64.2A, Table III. The transistor
IRGPS60B120K is considered as appropriate for this
application rated at 1200V and at least 60A (continuous) and is
tested for its losses.

The transformer is subjected to 324V rms and 32.2A rms
during the faulti.e. 10.4KVA Table III. In normal operation the
voltage is 71V and the current 23.8A i.e. 1.7KVA. Therefore
the transformer is rated accordingly.

The capacitor used is 200uF and the voltage across it is the
same as the one for the transistors. This voltage is less than the
supply during the PF Correction mode as shown in Table III but
is raised to 724V (2.23pu) during the brief period of the Current
limiting. Hence it must be rated accordingly

B.  Losses

Losses occur in the transformer and the semiconductor
switches. In the transformer we have the copper and iron losses.
In the semiconductor switches we have the steady state losses
and the switching losses. The first are associated to the on
resistance Rp for power MOSFETS and the on voltage for
IGBTs. The switching losses are associated to the switching
delays of the transistor and the switching frequency.

Losses for the transistors are estimated in the following
way. The transistor IRGPS60B120K) is simulated in Proteus
Design Suite. The current and voltages are taken from Table 111,
for the PF Correction Period. That is 64.4A and 286V the peak
value of the line current and voltage. From the simulation the
time delays related to the switching are derived and confirmed
with the ones in the data sheet.

Expressions (7) to (13) were used in order to calculate the
switching losses. Turn-on and turn-off time delays were derived
from the simulation graphs shown in Fig. 9 and Fig. 10 and
were found to be 26ns and 380ns respectively.
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Fig.9  Turn-on time delay of the IRGPS60B120K IGBT, green
line:Vce and red line:Ic current.
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Fig. 10 Turn-off time delay of the IRGPS60B120K IGBT, green
line:Vce and red line:Ic current.

Expression (7), (8) and (9) are valid for one switching instance.
For the next switching instant, both V¢g and Ic will change in a
sinusoidal manner. The energy lost in each power cycle for the
switching is given by (10) and (11).

M VCE.IC .2

ELassesON :z (tl_tO) 2 -Sin (a)Tn) (10)
n=l1
M

ELossesON :Z|:(t2 _tO).%.Sin2 (an)jl (11)

n=l1

Where Ve and Ic are the peak operating values, T is the period
of the switching frequency, M is the number of switching
instances in a power cycle

For the on-State the lost power is given by

M

2
P pssesss :f'z'Z[TON'VCEON'IC'Sin(a"T'n)] (12)
n=1

Total losses

P

Losses = (

E

LossesOFF + E LossesON ) ’ fvw + })LossesSS (13 )

The losses are highly depended on the switching frequency. For
5 KHz the efficiency of the system is 90% and is raised to 99%
for a switching frequency of 1 KHz. This is the efficiency by
considering the losses in the transistors only.

IV. DISCUSSION

A Fault Current Limiter is presented where the SC Circuit is
employed to correct the P.F. and at the same time it is a solid-
state fault current limiting and interrupting device (FCLID) for
low voltage distribution networks. The component parameters
are optimized to improve the power factor from 0.772 to an
acceptable limit of 0.85 during normal operation. Also in the
event of a fault, the current is limited to 1.35 pu. Eventual
interruption is possible.

The appropriate value of the duty cycle of the switches Ko
is extracted from the graph, Fig.6 which displays the new pf, the
pu values of the voltage across the transistors and the voltage at
the load. For a lagging power factor of 0.85 the Load voltage is
always 5% above the supply. This can either be tolerated or it is
a useful feature in areas where the Grid voltage is low.

The circuit is first simulated in PSIM to derive its functional
and operational characteristics. The goal was to improve the
power factor to 0.85 and the Load voltage not to exceed by more
than 5% the supply. It is tested for various values of its
parameters, that is the turns ratio of the transformer and the
values of the inductance and capacitance in the switched circuit.
The source impedance is fixed giving a fault current of
12.34KA. From Table I, IT and III it is concluded that in order to
keep the load voltage within limits and the power factor at 0.85
larger values of capacitance and lower values of transformer
turns ratio keeps the voltage across the transistor low. In one
extreme with C=40puF L =0.05H and Transformer turns ratio 2,
the voltage across the transistors is raised to 15 times the supply



voltage. On the other end with C=200puF L =0.005H and
Transformer turns ratio 0.5, the voltage across the transistors is
lowered to 88% of the supply voltage.

The semiconductor switches carry the full load current
stepped down by the isolating transformer. Hence we have the
question of the rating of the various components and efficiency.
The transformer is rated at about 10% of the load, during the
power factor mode.

The capacitor value was chosen 200 pF in order to keep the
voltage across it and the transistors low. In this case it is 88%
during normal operation of the supply and 2.23p.u. during the
fault limiting period.

It would appear that a transformer ratio higher than one (with
the switched capacitor connected to the primary) would reduce
the voltage across the switching transistors. This is not the case
because the reflected impedance from the primary to the
secondary is multiplied by N2. Therefore the SC circuit will be
forced to produce less reactance by a factor of N? in order to
reflect the same impedance in the line for power factor
correction. Producing less reactance Fig.2 increases
dramatically Fig.3 the voltage across the semiconductor
switches. Hence a turn’s ratio less than one is chosen for this
investigation.

The low value of C in the circuit allows the bell shape for
both the power factor and the voltage across the load, Fig.7. As
shown the power factor can be either lagging (LHS slope of the
PF curve) or leading (RHS slope of the PF curve). For a
leading power factor the load voltage is closer to the supply
voltage than a lagging power factor in this application. The cost
is higher voltages across both the switching transistors and the
capacitor. This must be investigated further.

The efficiency of the system is considered by taking the
losses in the semiconductors only. The losses of one transistor
are considered because only one transistor conducts at a time.
Losses in the transformer and possibly in one diode in the
switching arrangement are not considered. The losses are
presented simply to highlight the importance of efficiency and
how semiconductors affect it. No optimisation is applied for the
losses but it is believed they can be improved.
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