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SUMMARY  

This proposed research explores the functionality of resonant fault current limiting 

and series compensators. Being a variable impedance from both amplitude and phase point 

of view enables a series or parallel type resonate circuit to be suitable for various 

applications from power quality to power system protection. Accordingly, this thesis can 

be divided into two distinctly different parts. The first deals with an abrupt impedance 

change used for fault current limiting purposes. The other offers a continuous and moderate 

change of impedance that can eliminate voltage sag/swell. As a result, the final device will 

be called a Resonance-Based Series Compensating Fault Current Limiter (resonant series 

compensated FCL). 

The unprecedented cost reduction of rooftop PV systems has motivated many 

homeowners to install rooftop PV systems. However, their intermittent generation can 

cause problems in the distribution networkôs ability to accommodate a high penetration. 

This legitimate concern inspired this research to develop a controllable resonant device for 

both series compensation and fault current limiting. The resonant series compensated FCL 

proposed in this work can increase the hosting capacity, i.e., the accommodation capacity 

of PV units in each distribution area, and, at the same time, improve the reliability of a 

distribution system by preventing power interruptions during momentary or transient 

faults. An efficient resonant series compensated FCL must fulfill the requirements of both 

series compensator and fault current limiter (FCL), which are somewhat mutually 

exclusive. As such, this research study starts with the design of a resonant FCL (RFCLs), 

and then is modified to include series compensation operation during normal conditions.  
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PROBLEM STAT EMENT AND PREVIOUS WORK  

This chapter presents a thorough discussion to clarify the fundamental concepts upon 

which the resonant series compensated fault current limiter has been developed. Since this 

research study intends to merge these two topics, i.e., fault current limiting and series 

compensation, the following literature review is divided into two segments. The following 

segment overviews the historical evolution of fault current limiters, followed by the 

research background on series compensation. Finally, the reason why these two areas can 

be merged and what would be the outcome of this integration will be discussed. 

1.1 Fault Current Limit ing 

In essence, an electrical fault is defined as an unexpected failure that interrupts the 

regular operation of an electrical system and most likely causes an undesirable change in 

voltage/current. Unfortunately, electrical faults are inevitable, but their adverse impacts on 

the electrical grid can be greatly suppressed by deploying variable impedance devices 

known as fault current limiters (FCLs). In the following section, the impact of an electrical 

fault on a power grid will be investigated to accentuate the importance of deploying FCLs 

in a power system. 

1.1.1 Electric Fault Impact 

A modern power grid includes a highly integrated power transmission and 

distribution network to deliver energy to customers. However, this high level of integration 

will increase the rate of faults and outages, thereby reducing the power systemôs reliability. 
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Energy interruption or even low-quality energy delivery could be devastating for many 

sensitive loads like hospitals and high-tech industries [1-4]. 

A failure in an electrical system is often called an electrical fault. Electrical faults 

happen when a device has failed, or an unwanted connection or disconnection has taken 

place. Among all types of electrical faults, the most common and crucial one is the short 

circuit fault that happens if two or more nodes with different voltage levels get connected. 

A short circuit creates a large flow of current through the whole system and will be quite 

destructive if it is allowed to continue for a certain period of time. Circuit breakers are 

design to interrupt the fault current, but it cannot comprehensively safeguard the power 

grid because a circuit breaker has a limited interruption capacity and cannot interrupt the 

fault current if it exceeds beyond the circuit breaker capacity. Fault current levels in power 

systems continue to increase due to the growth in power demand.  The replacement of 

existing circuit breakers is, and will be, required without something to limit the fault 

current. 

For instance, assume a distribution system owner plans to connect a new distributed 

generation system to the old feeder, as shown in Figure 0.1. The fault current on one of the 

sub-feeders will be increased far beyond the nominal fault current, Ifg, because of this new 

generation unit. 

The same problem arises if a new load is added to an old feeder, as shown in Figure 

0.2. If CB1 is closed, the fault current in the feeder connected to CB2 would be about two 

times higher than the CB2 interruption capacity, which cannot be interrupted by CB2. As 

a result, when a new electrical generator or customer joins the power distribution system, 
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the interruption capacity of the circuit breakers in the system must be enhanced, which 

would be so expensive for the utilities to replace them frequently [5-8]. 

 

Figure 0.1. One-line diagram of a typical distribution system with a new DG 

 

Figure 0.2. One-line diagram of a typical distribution system with a new load 

Consequently, because of demand growth, adding new feeders to a distribution 

system leads to a profound fault current increase, likely exceeding the interruption capacity 

of the existing the existing circuit breaker capacity. Based on a survey conducted by the 
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Electric Power Research Institute (EPRI) [9], up to 20% of utilities are expecting to replace 

5 to 10% of their circuit breakers in the next ten years, which is very costly. 

Circuit breakers cannot be modified to interrupt higher current; they must be replaced 

with a higher interruption capacity circuit breakers because the interruption rate depends 

on the physical dimension and the volume of the gas/liquid insulator involved during the 

current interruption. 

To combat this problem, fault current limiters (FCLs) can be used to reduce the fault 

current level to a level that can be interrupted by existing circuit breakers.  Utilities facing 

a large number of necessary circuit breaker replacements are very likely to employ an FCL. 

The percentage increases to 30% of utilities when the range of circuit breaker replacement 

need expands to 5 to 30% [9]. Therefore, there is significant ongoing effort to develop a 

technically feasible and economically viable new technology of low cost FCLs in the 

literature and by utilities [9]. 

1.1.2 First Peak of the Fault Current 

In most cases, fault currents includes both AC and DC components.  Consider a 

simple circuit as shown in Figure 0.3. In this case, for the source voltage equals to Vs = Vm 

sin (ɤt + ɗ), the fault current, If, in the time domain, is given by [10]: 
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where ɗ is the angle associated with the starting time of the fault. From (1), the 

exponential term has the same amplitude as the sinusoidal term if ű. ɗ = ́ /2.  Therefore, in 

the worst-case scenario, the first cycle of the fault current becomes almost two times higher 

than the steady-state level, as shown in Figure 0.4. 
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Figure 0.3. A simple source-load circuit for fault current simulation  

 

Figure 0.4. Fault current waveform (Rs = 0.02Ý, Xs = 0.2Ý, Vm = 200V, and f = 

60Hz)  

The time constant of the DC component depends on the ratio, Xs / Rs.  It is clear that 

a longer time constant increases the destructive capability of the fault current. Although 

the peak-to-peak value of the resultant fault current remains constant, the DC component 

can result in a profound increase in the RMS value of the fault current.  Therefore, the 

transient behavior of the fault current, in the worst-case scenario, can double the risk 
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beyond the steady state fault level.  Furthermore, the delay in detecting fault current results 

in a circuit breaker potentially being not able to respond during that first or second cycle 

of the fault current which has the worst impact on the other elements close to the fault 

location compared to the rest of the fault current. 

1.1.3 Momentary Nature of the Fault  

A short-circuit fault can sometimes be very quickly and automatically cleared from 

the network. For instance, if a tree branch causes a short circuit between two conductors, 

the fault current does not rise instantaneously because the tree branch is moist and may 

have significant resistance. Thus, a relatively small current initially flows through the 

branch.  The electric field close to each conductor initiates carbonization of cellulose in the 

wood, as shown in Figure 0.5.  The current then increases as the carbon in the path of the 

current grows.  

 

Figure 0.5. A tree branch resulting in a phase-to-phase fault [11] 

On the other hand, at the same time, the branch fiber heats up and the wood fibers 

begin to dry.  This results in an increased resistance of the branch and therefore decreases 

the fault current. Simultaneously, the carbon path created by the electric field continues to 

grow from each side. Eventually, those carbon paths link and create a less resistance path 

inside the branch results in a phase-to-phase fault, as shown on the right side of Figure 0.5 

[11]. However, it does not take long because wood carbonization makes the branch too 
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fragile to stay over those conductors. After a few milliseconds, the wood will break down, 

and the short-circuit will be interrupted.  This referred to as ñself-clearing.ò 

Accordingly, specific devices know as ñreclosersò have been designed to reconnect 

the system if the fault clears itself.  However, recloser operation still interrupt service to 

one or more customers, if only briefly. The recloser operation creates a ñmomentaryò 

interruption in the distribution system results in reducing the system reliability [11]. 

1.1.4 Fault Current Limiter Technology 

An FCL acts as a variable impedance that has no impact on the power system during 

normal conditions, but during a fault, its impedance gets increased to reduce the fault 

current to a manageable level. Figure 0.6 shows a simple demonstration of how an ideal 

FCL works in a simple power system. 

 
Figure 0.6. A simple power system with an ideal FCL 

Ideally, an FCL prevents replacing the existing CBs by keeping the fault current level 

within the CB interruption capacity. Also, instant FCL activation upon onset of the fault 

can attenuate the highest peak of the transient fault current. Also, deploying an FCL can 

eliminate the need of reclosers since the system can handle that limited fault current for a 
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longer time to determine if the fault is momentary or permanent. As a results, even if the 

CB replacement was not the foremost utilitiesô concern, deploying FCLs can improve the 

system reliability by reducing the number of momentary interruptions.  

Because an FCL acts as a variable impedance, it can also be used to improve the 

power quality, transient stability, and reliability of the distribution network [11, 12].  

Furthermore, the FCL can potentially enhance the systemôs ability to handle normal 

momentary overload currents. A common example of this is the initial inrush current 

resulting from switching on capacitive loads [12]. Therefore, an FCL can offer more than 

just limiting fault current; it has the ability to improve the service quality of a distribution 

system during both normal and fault conditions.  

In recent decades, many different types of fault current limiters (FCLs) have been 

proposed, designed, and examined. These include such as superconducting FCLs, resistive 

FCL, solid-state FCLs, flux-lock-type FCLs, and resonant FCLs (RFCLs), and it is still an 

ongoing investigation in many utilities to come up with the best FCL for their transmission 

or distribution systems [13-22]. 

According to the above discussion, any ideal FCL should meet the following 

requirements [13-17]: 1) zero impedance (and therefore no power loss) at normal operation, 

2) large impedance during a fault, 4) fast activation time, 5) fast recovery after fault 

removal, 6) creating no DC component in the current, and 7) no additional harmonic 

distortion. 

Among the above FCL types, superconducting FCLs draw more attention because a 

superconductor is an FCL by nature. Superconductive material can show zero resistance if 

the surrounding temperature, current density, and magnetic flux density do not exceed a 
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critical level, as shown in Figure 0.7. The concept of operation is that during the fault, one 

or more than one of those critical limits will be breached and the superconductor becomes 

a normal conductor with considerable resistance. Therefore, superconducting FCLs can 

meet all the requirements mentioned above [18. 22].  

 
Figure 0.7. Critical Surface of a Superconductor [18]. 

Clearly, due to the very low temperatures which are required, a superconducting FCL 

is far too expensive to be commercially viable, and therefore non-superconducting FCLs 

are still being investigated [23ï25].  Among non-superconductive FCLs, this thesis will 

focus on the resonant FCLs (RFCLs) due to their exclusive features enable them to meet 

jointly the requirements listed above; however, they still need significant modifications to 

become as effective as superconducting FCLs which will be compreehsively discussed in 

next chapter.  

1.1.5 Resonance-Based Fault Current Limiters 

For a pure LC circuit, the resonant frequency is given by, 
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where fres is the resonance frequency in hertz, C is the capacitance in farads, and L is the 

inductance in Henries. 

Ideally, if the inductor and capacitor are in series, the net impedance at the resonant 

frequency is zero, whereas in parallel combination, the net impedance becomes infinity. 

Consequently, the most straightforward design of a resonant FCL is to use the LC series 

combination in normal conditions and parallel combination during a fault as proposed and 

designed in [26], namely tuned impedance current limiter [26]. 

As shown in Figure 0.8, the switch S is open during normal operation, and two series 

LC circuits tuned to the power frequency act as a short-circuit (with no voltage drop). But, 

during a fault, S inserts R in the middle branch, and the limiter changes into two parallel 

LC circuits, which results in putting a significant impedance along the line where deployed. 

 
Figure 0.8. Tuned impedance current limiter [ 26]. 

Since the mechanical switch, S, is unable to open or close the circuit at the current 

zero-crossing, a thyristor controlled reactor (thyristor-controlled reactor) was later 

proposed to be used instead of the mechanical one, as shown in Figure 0.9 [27]. 
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Figure 0.9. thyristor -controlled reactor fault current limiter ( thyristor -controlled 

reactor-FCL) [ 27]. 

In Figure 0.9, the thyristor-controlled reactor is off during normal operation, and L1 

and C are tuned to the grid frequency. However, in the fault mode, the thyristor-controlled 

reactor is activated to insert a sizeable inductance, L2, in parallel with C to limit the fault 

current. However, the recent resonant FCL designs do not employ both series and parallel 

LC combination simply because using only one combination can be as effective as using 

both combinations. Therefore, recent RFCL designs utilize either series or parallel resonant 

circuits. 

A series switched coupled inductor and a fixed capacitor was presented in [28] as a 

series-type RFCL which limits the fault current by short-circuiting the coupled inductor 

(thereby introducing the impedance of the capacitor) during the fault, as shown in Figure 

0.10. 

 
Figure 0.10. Series-type RFCL with switched transformer [28] 

Another method which shorts the capacitor instead of the inductor, was introduced 

in [29], and is shown in Figure 0.11. 
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Figure 0.11. Series-type RFCL with switched capacitor [29]. 

 

In [32ï34], another type of FCL using a resonant parallel RLC circuit was proposed 

and is depicted in Figure 0.12. This proposed FCL consists of a diode bridge with a switch 

(and small DC inductor) across the dc terminals. During normal operation, the switch is 

on, and therefore the bridge acts, ideally, as a short circuit. During the fault, the bridge 

circuit is turned off and the parallel-resonant RLC branch impedance limits the fault 

current. 

 
Figure 0.12. Single-phase power circuit topology of the proposed RFCL in [32]. 

The same combination has been proposed in [35] in the presence of PV and wind 

resources. This study proves that the proposed parallel type RFCL can stabilize the system 
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during and after the fault. A comparison between a resonant branch as opposed to a simple 

series RL branch has been made to show the improvement in the RFCL stability. This 

method has been further examined in [36] for fault ride-through capability. The paper 

suggests replacing a proportional-integral-based (PI-based) controller with a fuzzy logic 

controller to control the DC reactor.  During normal operation, the switch in the middle of 

the bridge is closed and fully carries the line current. In the positive half cycle of the 

voltage, the D1ïLdcïD4 path is conducting, and during the negative half cycle, the D2ï

LdcïD3 path carries the line current. The current passing through the inductor is in the same 

direction, and therefore, it is very close to a DC. During each cycle, Ldc is charged up to 

the peak value of current and attenuates the current ripples. Although the inductor, diodes, 

and the switch have internal resistance, its value is negligible and has no significant effect 

on the system voltage during normal operation [36]. 

1.2 Reactive Power Compensation 

In an AC system, the reactive elementôs voltage and current are not in phase, which 

means that the elementôs current signal can be leading or lagging compared to its voltage 

signal. For instance, the current passing through an RL load is lagging from the load voltage 

if an AC source supplies the load. The following equation calculates the load current 

amplitude, and the initial phase difference (or in short form phase difference) between the 

load current and voltage. The load voltage is assumed to be Vm sin (2ʓfst + űv). 
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where R, and L are the resistance and inductance of the load. 
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This phenomenon, i.e., having a phase difference between an elementôs voltage and 

current, introduces two new power definitions in AC systems, namely apparent, and 

reactive power. The apparent power defines the whole output power as a complex number. 

The real and imaginary part of the apparent power define the active and reactive portion of 

the output power, respectively. For instance, the reactive portion of the power delivered to 

that load, QL, is given by: 
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Since an inductor's and capacitor's reactance are opposite, a capacitive load can 

supply the reactive power demanded by an inductive load. So, instead of transferring the 

reactive power demanded by the load from the upstream generator, a parallel capacitor can 

provide it at the load site. Providing the reactive power by an onsite, parallel capacitor 

enhances the transmission capacity to transfer more active power, which can be solely 

provided by the generator. Furthermore, the ohmic loss created by transferring reactive 

power through a transmission line can be avoided by providing the reactive power locally.  

Therefore, parallel (shunt) capacitors can be installed locally in the distribution 

systems to provide the necessary reactive power. Shunt capacitors can also mitigate voltage 

harmonics since they act as a second order lowpass filter. Shunt reactive power 

compensation has evolved significantly through the use of power electronics. Nonetheless, 

shunt compensation cannot control power flow in the grid [37]. 

According to [37, 38], series compensators can manage the active power exchange 

between the source and the load to protect sensitive loads if the source is unbalanced or 

distorted. 
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The primary example of how a series compensation can impact the active power 

exchange is demonstrated in Figure 0.13. 

 

 

Figure 0.13. Single-line diagram of a power system including a source and a load. 

As shown in Figure 0.13, Xs represents the whole reactance of the source and the 

transmission line and is constant. On the other hand, the series compensator reactance, Xsc, 

can be adjusted if needed. 

 The power flow, P, from the sending end to the receiving end in Figure 0.13 is given 

by: 

  ὖ
ὺὺ

ὢ ὢ
ÓÉÎ‏ ‏  7 (5) 

As expressed in (5), the power exchanged is directly related to the line and 

compensator reactance inverse. If Xsc is dynamically adjusted, the power system stability 

is improved by increasing the stability margin [37]. 
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In modern power systems with a high penetration of distributed generation systems 

such a PV and wind, series compensators have become an essential part of the distribution 

systems. Managing power flow is no longer unidirectional due to the intermittency of the 

distributed energy resources. Nonetheless, renewable energy is clearly desirable. 

Large-scale distributed energy resource integration causes new technical challenges 

such as reverse-active power and voltage violation in low-voltage (LV) and medium-

voltage (MV) grids, which could jeopardize voltage regulation by the mechanical tap 

changers of distribution or transmission transformers [39-42]. This challenge is known as 

hosting capacity. Many methods have been proposed and investigated to tackle those 

difficulties. These include area-based, on-load tap changing transformers, reactive power 

absorption by distributed generators, adding battery energy storage system and PVs, and 

using a distributed STATCOM in parallel with the low/medium voltage bus [39]. Another 

method applied to residential/commercial distribution networks to improve the overall 

voltage unbalance problem is to use a fundamental load current-based algorithm with 

neutral compensation to handle the unbalanced load current in a system [40]. In addition 

to improving the controller of those PVs, a storage system like a battery can offer a better 

solution by changing the dynamic of active power exchange between the PV and the grid. 

However, optimal sizing and placement of the battery storage system (BSS) is the critical 

challenge of this topic upon which many techniques have been proposed, such as a 

quadratic power control for a central BSS in LV grids to improve the HC of rooftop PVs 

in [41].   

Besides, PV integration increases the complexity of power system monitoring. 

Therefore, several methods have been developed to facilitate detailed analysis of voltage-
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related PV impacts on realistic, unbalanced 3-phase distribution feeders with conventional 

and modern controllers, among which the short and novel quasi-static time series 

simulation algorithm has proven to be most efficient [42]. 

The active power exchange between the customers who utilize PV generation 

systems, and the distribution system can also be managed by adjusting the line impedance 

connecting those points. This function can be incorporated into the FCL operation. 

Application of RFCLs in Series Compensation 

An FCL clearly needs to have a different impedance at different operational 

conditions. It could therefore be thought of as a controllable impedance. From this 

perspective, an FCL and a series compensator have a similar functionality in that they both 

change the line impedance if desired, albeit in different ways. This was first utilized by 

Karady [43] in a paper entitled ñConcept of a combined short circuit limiter and series 

compensator.ò This paper proposed two distinct designs for such a device, as shown in 

Figure 0.14. 

 
Figure 0.14. Current limiter and compensator with components connected a) in 

series, and b) in parallel [43] 

Both circuits shown in Figure 0.14 have a fixed capacitor, C0, several switched 

capacitors, C1, C2, ..., and a switched inductor, thereby facilitating adjustment of the 



 18 

impedance of each circuit to a desired value. Table 0.1 shows the application of these 

circuits based on the status of thyristor switches. Although the switches can continuously 

change the impedance by adjusting their firing angles, the angle at each periodic cycle that 

represents the gate signal timing, significantly undesirable current harmonics are generated 

[43, 44]. 

A series controllable impedance, which is also known as a thyristor-controlled series 

compensator (thyristor-controlled series capacitor), along with a dynamic voltage restorer, 

can provide several important functions in the grid. Those functions include but are not 

limited to scheduling power flow, decreasing unsymmetrical components, reducing net 

loss, providing voltage support, limiting short-circuit currents, mitigating sub-synchronous 

resonance (subsynchronous resonance), damping the power oscillation, and enhancing 

transient stability [45-47]. It can also significantly improve the reliability of the power grid 

by reducing the loss of load expectation and the loss of energy expectation [48]. 

Table 0.1. Operation modes for the circuit shown in Figure 0.14 [43] 

No. 

Steps 

Switch 

SL 

Switch 

S1 

Switch 

S2 

Capacitance 

Impedance 
Connection Operation Mode 

1 0 0 0 C0, C1, C2 in series Series Compensation 

2 0 1 0 C0, C2 in series Series Compensation 

3 0 0 1 C0, C1 in series Series Compensation 

4 0 1 1 C0 in series Series Compensation 

5 1 0 0 C0, C1, C2, L in parallel Current Limiter 

6 1 1 0 C0, C2, L in parallel Current Limiter 

7 1 0 1 C0, C1, L in parallel Current Limiter 

8 1 1 1 C0, L in parallel Current Interrupter 

  

In 2006, [49] introduced a new type of flexible AC transmission system (FACTS), 

called ñDistributed floating series active impedancesò that are a type of distributed FACTS 
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(DFACTS) devices that later were introduced subsequent papers, particularly for series 

compensation applications [50-54]. The series DFACTS devices, also known as 

ñdistributed static series compensatorsò and ñdistributed series impedance devices (DSIs),ò 

utilize multiple low-power single-phase inverters surrounding the transmission conductor 

and enable the transmission line to dynamically adjust its impedance to cope with the 

power flow along the line. The placement and architecture of such a device are shown in 

Figure 0.15. The purpose of DFACTS devices is to change the reactance associated with 

the power flow and therefore the phase angle between sending and receiving end voltages. 

 
 

Figure 0.15. Installation of DSIs on the line (left), structure of a DSI (right) [52] 

The DSI shown in Figure 0.15 adjusts the reactance, i.e, the denominator of the 

power flow expression in (5), to control the power flow along the line. Such devices can 

enhance asset utilization, reduce system congestion, increase available transfer capacity of 

the system, improve system reliability and capacity under contingencies, improve system 

stability, and reduce capital and operating cost compared to most conventional single-point 

ñlumpedò solutions, such as FACTS devices.  

An integrated fault current limiter-power flow controller, shown Figure 0.16, was 

proposed to suppress the fault current by a power flow controller [35]. 
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Figure 0.16. Schematic of proposed integrated FCL-PFC device [55] 

According to  

Figure 0.16, all capacitors will be bypassed to suppress the fault current, while in 

power control mode, the line impedance will be adjusted by switching on/off several 

capacitors [55]. 

Since voltage source converters (VSIs) can continuously change their terminal 

voltage, VSI-based compensators have been commonly used to mitigate voltage sags and 

swells. They regulate the load bus voltage using two distinct methods: series VSI-based 

compensators known as dynamic voltage restorer (DVR), and parallel VSI-based 

compensators known as distributed static compensator (DSTATCOM). In [56], the 

comparison was presented of DVRs and DSTATCOMs in terms of voltage control via a 

closed-loop frequency-response characteristics. The conclusion drawn by [56] was that 

performance of a DVR is preferable if the AC supply is vital. However, in a weak AC 

supply, DSTATCOM performance is more recommended. However, DSTATCOM cannot 

be involved in limiting fault current if needed. This fact has inspired the authors in [57] to 

develop a new device called FCL-DVR, as shown in Figure 0.17. 
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Figure 0.17. Schematic of proposed FCL-DVR [57] 

The FCL-DVR utilizes thyristors to select between two modes of operations which 

are fault current limiting and power flow/voltage control. If the thyristors are on, as shown 

in Figure 0.17 the device will limit the fault current. Alternatively, the FCL-DVR works to 

control the voltage or power flow. A transformer-less hybrid series active filter is proposed 

in [58] for the distribution system, which is in contradicts the conclusion drawn in [56].  In 

the low voltage case, the transformer-less hybrid series active filter does not require a 

transformer due to the capabilities of the electronic.  This case is shown in Figure 0.18. 
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Figure 0.18

 

 

 

Figure 0.18. Schematic of a transformer-less hybrid series active filter connected to 

a single-phase power system [58] 

 

Figure 0.18As shown in Figure 0.18, a passive shunt filter is utilized to mitigate 

current harmonics. In addition, a dc source fed by a PV generation system combined with 

energy storage, such as a battery, is connected to the supply power during a voltage drop 

and absorbs the energy during an overvoltage [58].  

A comprehensive review on DVRs has been done in [59].  DVR topologies can be 

categorized into two groups: with energy storage and without energy storage.  DVRs 

topologies in the literature have all utilized, at the minimum, a transformer, and a converter. 

They have been proposed for use in both single and three-phase applications. In [60], two 

different techniques for fault current limiting have been studied, namely using a saturable 

reactor, and DVR system as shown in Figure 0.19. 
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Figure 0.19. Schematic of a saturable reactor (top), and a DVR (bottom) FCL [60] 

As shown in  

Figure 0.19, a saturable reactor consists of two windings with one connected to a DC 

source and the other coupled to the AC system. The DC source must inject enough current 

to keep the reactor in saturation mode during normal conditions, putting minimal reactive 

impedance along the line. However, the DC source can be blocked by a control signal 

during a fault, which causes the AC winding to have a significant reactance.  

During normal conditions, the DVR regulates the voltage of the line by injecting the 

appropriate voltage between two transformers, shown at the bottom of Figure 0.19. 
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However, during a fault, the DVR operates with 100% voltage injection capability to limit 

the fault current by decreasing the voltage drop between the grid and the load. 

The simulation study in the paper, using the PSCAD/EMTDC, shows that as an FCL 

the saturable reactor can limit the fault current within one cycle and bring it down to a 

lower value than the DVR. So, the saturable reactor FCL is faster and more efficient than 

the DVR to limit the fault current. The saturable reactor solution is also purported to be 

less expense to manufacture [60]. 

1.3 Summary 

This chapter outlined most of the published research papers on FCLs and series 

compensators to develop a solid background for the works presented in the coming chapters 

of this thesis. As a result of the studies overviewed in this chapter, a resonance-based RFCL 

does represent the best dynamics compared to other non-superconducting FCLs due to their 

exclusive feature in limiting the fault current by reactance, not by resistance. Also, an 

RFCL can be designed so that they detect a fault inherently, which puts it in a very excellent 

position to compete with superconducting FCLs in terms of limiting the fault current in the 

first peak. Therefore, in the next chapter, the design of RFCLs will be discussed in detail 

to enable them to be as effective as superconducting FCLs in practice.  
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COMPREHENSIVE ANALYSIS AND DESIGN OF R ESONANCE-

BASED FAULT CURRENT LIMITERS  

A comprehensive study of RFCLs will be conducted in this chapter to determine their 

impact on a power distribution system during a fault. The findings of this investigation will 

then be used to open a new opportunity to improve the RFCL performance so that it can be 

competitive with superconducting FCLs. RFCLs use resonance phenomena to limit the 

fault current in two distinct ways: series and parallel combination. 

1.4 Series type Resonant Fault Current Limiter  Design 

As discussed before, a combined series and parallel resonant circuit to limit the fault 

current are rarely used nowadays, and this is mainly because each type of resonant circuit 

can be easily modified to be inactivated during the normal condition and activated during 

a fault. So, this section explains the design consideration of a series resonant FCLs 

individually, and the next section will discuss the parallel type RFCL. 

The impedance function of a series resonant circuit is given by: 

 
ὤ‫ Ὑ Ὦ‫ὒ

Ὦ

‫ὅ
Ὑ Ὦ‫ὒ

ρ

‫ὅ
 ɱ (6) 

where R, L, and C are the resistance, inductance, and capacitance of that circuit. 

If tuned to the grid frequency, the imaginary part of the impedance shown in (6) will 

be zero, and therefore the impedance reaches its lowest possible value. In contrast, if the 

reactance of the inductor and capacitor become unequal, the impedance becomes 

significant, and it can reach its highest possible value if one of the reactive elements 
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becomes zero. Therefore, series resonant FCLs design needs to meet the following 

requirements: 

1) During normal conditions, the inductor and capacitor reactance must have the 

same amplitude, i.e., LCɤ2 = 1, and the resistance, which is primarily the inductor 

coil, must be as low as possible. This requires either increasing the cross-

sectional area of the coil wire or decreasing its length. 

2) During the fault condition, either the inductor or capacitor must be short-circuited 

to apply the highest impedance possible along the fault current path. 

Decreasing the winding resistance changes the inductance value as well. Therefore, 

physical restrictions on the coil must be considered. 

In [61], a series transformer connected to a capacitor is proposed to nullify the 

impedance in normal conditions. In contrast, during a fault, the transformer secondary is 

short-circuited using a semiconductor switch to put a significant impedance along the 

distribution line. Another approach proposed in [62. 64] is to use a bypass circuit equipped 

with a bidirectional thyristor switch to short-circuit the capacitor, which in turn changes 

the FCL impedance significantly. 

Figure 0.1, shows the impact of a series resonant circuit on a fault current. The fault 

occurs at point F and is cleared after 40ms. The fault impedance is purely resistive and is 

equal to the series resonant FCLs resistance. 
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Figure 0.1. Schematic of a simple power system utilized with a series resonant FCLs 

The fault current waveform flowing in the power system shown in Figure 0.1 is 

drawn in Figure 0.2. 

 
 

Figure 0.2. The fault current waveform of the system shown in Figure 0.1 

As shown in Figure 0.2, the fault starts at 0.5s and ends at 0.54s. The fault current 

pattern is distinctively different from the one described in the first chapter, which had the 

highest value in the first cycle. Using a series resonant circuit alone without any limiting 

function can suppress the first peak of the fault current, which is due to the presence of a 

series inductor in that circuit. However, if no action takes place to change the series 

resonant circuit into a series resonant FCLs, the current will ramp up quickly to the nominal 
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value of the fault current. The higher the inductance value, the higher the ramp-up rate will 

be. The current limiting can be done by removing either the inductor or the capacitor. 

Although the result of both actions will be the same in the steady-state condition, the 

transient response for each mechanism is entirely different, as shown in Figure 0.3. 

 
Figure 0.3. The fault current waveform of the system shown in Figure 0.1 

 when series resonant FCLs limit  the current by removing either the capacitor (top), 

or inductor (bottom). 

As shown in Figure 0.3, if the inductor is short-circuited, a significant spike will 

appear at the instant of activation, which is detrimental to the source and adjacent loads. 

However, the DC component of the limited current is less than that of the limiting by 

removing the capacitor. 

Clearly, series resonant FCLs are very easy to build and operate, and they can 

inherently limit the fault current's first peak. Also, there are two different methods for 

limiting the fault current, either by removing the capacitor or inductor, which the former 
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one is more effective. However, all elements of a series resonant FCLs carry the fault 

current, and therefore they might not be able to withstand if the fault current exceeds their 

ratings. 

1.5 Parallel Resonant Fault Current Limiter  Design 

A parallel resonant circuit shows a significant impedance (ideally infinite) if the 

capacitor and inductor are tuned to the line frequency. Therefore, designing a parallel 

resonant FCL for normal conditions is more complicated as compared to series resonant 

FCLs. Furthermore, as indicated in equation (7), the impedance of a parallel resonant 

circuit, shown in Figure 0.4, directly depends on the resistance which was not the case for 

the series resonant FCLs impedance. 
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Figure 0.4. The parallel resonant circuit. 

The amplitude and phase of the impedance are given by: 
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where |Z(ɤ)|, and ᷁ Z(ɤ) are the amplitude and phase of a parallel resonant circuit, 

respectively. The resonant frequency, fres, is, 
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From (10), the resonant frequency directly depends on all three components, which 

was not the case for the series resonant circuit. To reach the highest/lowest value of the 

impedance, any combination of R, L, and C can be changed to satisfy the system needs.   

Figure 0.5 depicts the impedance amplitude for the parallel resonant case with R = 

0.2Ý, C = 1001ɛF, and L = 15/10/1mH. 

       
 

Figure 0.5. The impedance amplitude variation of the parallel resonant circuit with 

R = 0.2Ý, and C = 1001ɛF. 

In Figure 0.5 the impedance magnitude variation is shown with three different 

inductances, i.e., 15mH, 10mH, and 1mH, which results in the amplitude varying from 

0.41Ý to 50.5Ý.  Also, the impedance phase is.85.19° when L = 15mH,.3.22° when L = 

10mH, and 53.65° when L = 1mH, which implies that the impedance can be either 

capacitive, almost resistive, or inductive. 
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From Figure 0.5, the impedance of the parallel resonant circuit with L = 1mH is 

clearly the best choice for this case under normal operating conditions. However, for fault 

conditions, the highest impedance value cannot be used since the current would be too low 

to be detected.  Therefore, the circuit values should not be tuned to the line frequency. As 

a result, instead of design based on the resonant frequency, parallel resonant FCL design 

involves determining the proper impedance for both normal and fault conditions based on 

the sensitivity of the amplitude and phase function to the resistance/inductance/capacitance 

variations. 

1.5.1 Sensitivity Analysis of the Amplitude Function of a Parallel Resonant Fault Current 

Limiter 

Unlike series resonant FCLs, which are purely resistive during normal conditions 

and almost purely reactive during a fault, the parallel resonant FCL impedance can be a 

variety of low/high impedances in normal and fault modes.  Obviously, the total impedance 

is lower than the impedance of either branch. In practice, the typical capacitive reactance 

at low frequencies is much higher than that of inductance, so the current is mostly passing 

through the inductive branch, and therefore has more impact than the capacitive branch.  

Choosing appropriate minimum and maximum impedance can be done using sensitivity 

analysis, which is a method that identifies the effect of an independent variable on a 

dependent variable. In this study, the impedance amplitude and phase are the dependent 

variables, and resistance, inductance, and capacitance are the independent ones. 

1.5.1.1 The Amplitude Function in terms of the Resistance 

The derivative of the amplitude function in terms of the resistance is given by: 
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From (11), sign of the derivative has nothing to do with the resistance. For instance, 

if 2ɤ2LC is less than one, the amplitude function is ascending and vice versa. If 2ɤ2LC is 

more than one, the amplitude is increased with reduced resistance and vice versa. 

        
 

Figure 0.6. The impedance amplitude and phase function variations in terms of the 

resistance, R if ɤ2LC is 0.0395 (left), and 0.987 (right ). 

Therefore, the resistor can independently change the impedance amplitude to an 

appropriate level for both normal and fault conditions. If the value of the derivative 

becomes significant, a small change in resistance results in a large change in impedance 
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magnitude.  Conversely, with a low value of the derivative, a high variation in resistance 

is required to change the impedance amplitude significantly. 

As shown in Figure 0.6, the impedance of a parallel resonant FCL is monotonically 

changed by varying the resistance. Also, the FCL impedance is capacitive when ɤ2LC is 

higher than 0.5 and inductive below 0.5.  However, a capacitive impedance allows the 

resistor to be short-circuited during a fault as opposed to during normal operation results 

in a significant extension of the switch lifetime. 

1.5.1.2 Analysis of the Amplitude Function in Terms of the Inductance 

The derivative of the amplitude with respect to the inductance is, 
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(12) 

Unlike the resistance, the inductance can alter the sign of the amplitude derivative. 

The impedance amplitude is therefore not monotonic in terms of the inductance, and the 

sign of the derivative is solely determined by the quadratic function in the numerator of the 

derivative. The discriminant is, 

 Ў ‫ὅὒ ‫ὒ ‫Ὑὅ ‫ ρ τ‫Ὑὅ  (13) 

Although there are two solutions of this quadratic equation, which are the solution 

of 4 2 2 2ï  0CL LR Cw w+ = , only one of them, with the inductance equal to L0, is 

appropriate. 
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If the inductance chosen for the parallel resonant circuit shown in Error! Reference 

source not found. is higher than L0, the impedance is increasing, and vice versa, as shown 

in Figure 0.7. 

        
 

Figure 0.7. The impedance amplitude and phase function variations in terms of the 

inductance, L 

From Figure 0.7, the maximum impedance occurs at L0 = 10.5mH, using the values 

ɤ = 100ˊ, R = 0.6Ý, and C = 1000ɛF. However, using the maximum impedance for 

limiting the fault current is not reasonable since it reduces the fault current to the extent 

that it would be undetectable. Therefore, the equitable approach is to vary the inductance 

from nearly zero, i.e., 0.1mH, to nearly 6mH so that the fault current not only be limited 

but being detectable.  Nonetheless, the maximum inductance should be chosen based on 

the typical values of the load and fault impedances. 

In contrast, decreasing the inductance can also increase the impedance, for example, 

varying from 15mH to 12mH.  However, performance is not improved under normal 

conditions since a high impedance is inserted during normal operation. Although it might 



 35 

be possible to have a low impedance associated with a high inductance with lower 

resistance and higher capacitance, low inductance always creates the lowest possible 

impedance. 

1.5.1.3 The Amplitude Function in terms of the Capacitance 

The derivative of the amplitude function in terms of the capacitance is given by: 
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The derivative polarity is now linearly changed with respect to the capacitance since 

the only term dictating the polarity is L. C (R2 + ɤ2L2). 

        
 

Figure 0.8. The impedance amplitude and phase as a function of capacitance. 

The impedance amplitude shown in Figure 0.8 goes up when the capacitance is 

increased from 0 to 4mF and then goes down at the same rate when the capacitance is 
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further increased from 4mF to 8mF.In this method, the variation in the impedance is much 

less than in the two previous methods, which is a relative disadvantage. For instance, the 

capacitance would have to be increased by nearly 100 times to sufficiently limit  the fault 

current. 

In conclusion, there are three methods to vary the impedance of a parallel resonant 

circuit described as follows: 

1) Varying the resistance makes the impedance amplitude change monotonically 

since the derivative polarity is independent of the resistance. 

2) Varying the capacitance alters the slope of the impedance amplitude since the 

derivative polarity has a linear relationship with the capacitance. 

3) Varying the inductance changes the impedance substantially as expressed in (12) 

since the derivative polarity has a second-order relationship with the inductance. 

A similar simulation study has been conducted on the power system shown in Figure 

0.1 to show the efficacy of each method described above. The new system used for this 

study is shown in Figure 0.9. 
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Figure 0.9. Schematic of a simple power system utilized with a parallel resonant 

FCL. 

The current flowing before, during, and after a 0.2Ý fault if the resistance of the 

parallel resonant FCL is changed after 50ms from 0.2Ý to 4Ý is shown in Figure 0.10. 

         
 

Figure 0.10. The fault current waveform of the system shown in Figure 0.9 when the 

resistance is changed from 0.2Ý to 4Ý with ɤ2LC = 0.0395. 

Based on the inductance and capacitance chosen the derivative of the impedance 

amplitude is positive, which means the impedance increases with increased resistance. 

Inserting a 4ɋ resistor parallel with a 0.21ɋ resistor and switching off the 0.21ɋ resistor 
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results in, the total impedance going from 0.69ɋ in normal mode to 4.07ɋ in fault mode. 

The phase of the impedance changes from 71.59° to.5.74° during the fault. 

As shown in Figure 0.10, the parallel resonant FCL cannot contain the first peak in 

the current like series resonant FCLs, mainly because of the parallel capacitor Because 

even though the capacitor does not allow the voltage across the impedance to change 

instantaneously, its current does.  Therefore, the first three cycles of the fault current are as 

if there is no FCL. Additionally, the first three cycles of the fault current represent the 

detection delay, set to be 50ms. After that, the parallel resonant FCL limits the fault current 

from 360 A to about 71 A. The reduced current is 2.7 times higher than the nominal current, 

26.4 A, which is still detectable. The fault current can also be controlled by increasing the 

resistance as shown in Figure 0.6. Choosing L = 4mH and C = 2.5mF, the term ɤ2LC 

becomes more than one half, and the impedance derivative becomes negative. Accordingly, 

if the resistor goes down from 10ɋ to 0.4ɋ, the impedance of the parallel resonant FCL 

goes up from 1.28ɋ to 4.2ɋ and can limit the fault current as shown in Figure 0.11.  

         
Figure 0.11. The fault current waveform of the system shown in Figure 0.9 when the 

resistance of the parallel resonant FCL with ɤ2LC = 0.987 is changed from 10 Ý to 

0.4Ý. 
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The difference between the initial impedance of the parallel resonant FCL in these 

two cases causes the current to be lower compared than the current in Figure 0.10. The 

initial impedance for the second case is not the same as the first since the capacitance must 

be too high to be practical. 

As shown in Figure 0.11, the current spikes sharply at the beginning of the fault 

since, initially, nearly all the fault current flows through the capacitor. The impedance is 

then increased by putting a parallel 0.42ɋ resistor with a 10ɋ resistor during a fault. 

Therefore, the total impedance goes from 1.28ɋ in normal mode to 4.2ɋ in fault mode. 

Also, the phase goes from.82.74° to.15.28° during the fault, which shows the impedance is 

always capacitive. 

From the simulation results shown in Figure 0.10 and Figure 0.11, limiting the fault 

current, via increasing the resistance, forces the switch to be on the majority of the time, 

which is not desirable.  However, increased resistance creates exceptional flexibility in the 

selection of the elements. Decreasing the resistance to limit the fault current, on the other 

hand, requires the switch to be on solely during the fault.  However, it is much more 

difficult  to bring the total impedance down during normal operation. 

Besides resistor, changing inductance has the same impact on the total impedance of 

a parallel resonant circuit. The same system shown in Figure 0.9 is now considered with 

minor changes, resistor, and capacitor, which are now 0.6ɋ, and 1000ɛF. In this case, 

inductance was changed from 0.01mH to 3.71mH after 50ms. The current waveform 

before, during, and after a 0.2ɋ fault is shown in Figure 0.12. 
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Figure 0.12. The fault current waveform of the system shown in Figure 0.9 when the 

inductance of the parallel resonant FCL is changed from 0.01mH to 3.71mH. 

The fault current, shown in Figure 0.12, has almost no DC value only because of the 

perfect switching time, which rarely happens in practice. The impedance in this case is 

increased by opening a 0.01mH inductor, which is in parallel with a 3.71mH inductor, 

during a fault.  The impedance goes from 0.35ɋ in normal mode to almost 4ɋ in fault 

mode, and the phase changes from 10.38° to 46.16°. The impedance is therefore capacitive 

during normal operation and inductive during a fault. However, this technique has two 

main drawbacks: 1) a slight change of the inductor can profoundly change the impedance 

and make it undesirable to limit the fault current properly and 2) requires the switch to be 

on almost all the time to keep the inductance as low as possible. However, the sensitivity 

of the impedance to the inductance changes can be more restrained if the impedance is kept 

inductive all the time. 

The last technique for limiting the fault current with a parallel resonant FCL is to 

increase/decrease the capacitor. As can be seen in Figure 0.8, the impedance change has 

the same rate when it goes up and down. Therefore, increasing the capacitance from 0.01ɛF 

to 4mF, or decreasing it from 8mF to 4mF creates the same impedance. The only difference 

between these two different methods is that the FCL impedance is inductive if the capacitor 
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was set to 0.01ɛF, and capacitive when it set to 8mF during the normal mode of operation. 

Consider the following example. Assume resistance and inductance are 0.2ɋ, and 2mH, 

respectively. The impedance amplitude increases from 0.4ɋ to 4ɋ if the capacitance goes 

from 0.01ɛF to 4mF. Alternatively, if the capacitance reduces from 10mF to 5.2mF, the 

impedance amplitude increases from 0.32ɋ to 4ɋ. In the first case, the impedance remains 

inductive, and its angle reduces from 72.34° to 22°, whereas in the second case, the 

impedance is capacitive throughout and the impedance angle increases from.74.83° 

to.22.33°. Since a larger capacitor might have a lower nominal voltage, the first method 

would be more realistic.  

Figure 0.13 shows the current before, during, and after a 0.2ɋ fault. In this case, the 

capacitance was changed from 0.01ɛH to 4mH after 50ms. As shown in Figure 0.13, the 

current reduces rather smoothly. This method is very similar to the first method shown in 

Figure 0.10 which had an initial inductive impedance, and it has a smooth response at the 

instance of activation. However, having a capacitive impedance during a normal mode of 

operation is for reactive power compensation. 

         
Figure 0.13. The fault current waveform of the system shown in Figure 0.9 when the 

capacitance is changed from 0.01ɛF to 4mF. 
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1.5.2 Inductive vs. Capacitive Current Limiting Impedance 

Like series resonant FCLs, parallel resonant FCLs can limit the fault current with an 

inductive or capacitive impedance, but parallel resonant FCLs has a unique ability to put 

an inductive or a capacitive impedance during a normal mode of operation, which is as 

essential as the fault mode. As shown in Figure 0.10 and Figure 0.13, when the initial 

impedance is highly inductive, there will be DC offset in the fault current, increasing the 

first current peak is more than its nominal value. However, after activation, when the 

impedance becomes capacitive or less inductive, the current is smoothly transitioned to a 

new level, unlike when the limiting impedance is inductive, as shown in Figure 0.11, and 

Figure 0.12. 

This transition is smoother with capacitive limiting impedance because the current 

mainly goes through the inductive branch, and the inductor suppresses any rapid change in 

current by nature. However, capacitive impedance in a normal mode o, f operation is 

desired in compensating the line inductance and improving the power exchange between 

the distribution feeder and the load. As a conclusion, the methods above cannot both satisfy 

current limiting and reactive power compensation requirements. Also, those methods 

cannot limit the potentially destructive first peak of the fault current. The following section 

discusses some new techniques that can be applied to a resonant FCL and restrict the fault 

current at the instant of the fault. 

1.6 Sensorless Operation of Resonance Fault Current L imiters 

As mentioned previously, the distinct feature of a superconducting FCL is its 

activation time, which is instant given the natural property of a superconductive material. 
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Although, non-superconductive materials cannot have that feature, there are two other 

features that non-superconductive can use to somehow minimize or eliminat the activation 

time, i.e., the delay between fault initiation and FCL activation. This clearly requires a 

profound reduction of the detection time. This will enable the non-sensorless FCL to 

suppress the most undesirable part of a fault current, i.e., its first peak. Conventionally, the 

only method proposed to eliminate activation time is to short circuit the capacitor via a 

metal oxide varistor (MOV) or a spark gap in parallel with the capacitor in the series type 

RFCL shown in Figure 0.14 [65-68]. 

         
 

Figure 0.14. Self-activated series type RFCL with a) MOV and b) spark gap 

Since the capacitor voltage will be significantly increased during a fault, the MOV 

or spark gap will short circuit the capacitor and activate the RFCL. However, the capacitor 

is not short circuited throughout each cycle because of the sinusoidal nature of the voltage. 

In fact, when the capacitor voltage is under the threshold value of the MOV or spark gap, 

the FCL impedance is still negligible. Therefore, FCL limits the fault current only during 

a part of each cycle.  

An alternative solution is proposed here using a saturable inductor to achieve 

sensorless fault current limiting with the detection time eliminated.  The characteristics of 

saturable reactors are shown in Figure 0.15 [69]. 
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Figure 0.15. Saturation and inductance curve of a typical saturable inductor  

The inductance of a coil with a ferromagnetic core can be expressed as, 
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where N, A, and l are the number of turns, the core cross-sectional area, and the core length, 

respectively. Also, ɛ0 is the permeability of free space and ɛr is the relative permeability of 

the core. Obviously, the relative permeability (and therefore inductance) will significantly 

decrease after the knee point. If untuned to the resonant frequency, the circuit impedance 

can be significantly increased during the fault, by exploiting magnetic saturation. For 

instance, a simple power system including a series resonant FCLs with a saturable inductor 

and its characteristics curve is shown in Figure 0.16. 

Figure 0.17 shows the fault current and the voltage applied to the series resonant 

FCL if a temporary fault with 0.1ɋ resistance happens at the point F. 
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Figure 0.16. A simple power system including a series resonant FCLs with  a 

saturable inductor. 

         
 

Figure 0.17. Series resonant FCL current and voltage during a 0.1ɋ fault . 

The current shown in Figure 0.17 is non-sinusoidal during the fault due to the 

saturation effect. The main dominant component in the current is the third harmonic 

 



 46 

content. However, the voltage waveform shows no voltage distortion on the bus to which 

it is connected, and therefore no distortion at the local loads. Without an FCL, the fault 

current would exceed 2500A for this simulation. However, applying the saturable series 

resonant FCL reduces the current to roughly 141 Apeak or 69 Arms. This self-detection 

mechanism based on the saturation effect allows the series resonant FCLs to compete with 

superconducting FCLs. The only real downside of this method is the rather severe voltage 

spike across the FCS that occurs immediately after the fault recovery, due to the series 

topology. This voltage transient can be damped, using a ZnO surge arrester [70].  

         
 

Figure 0.18. MOV -based series resonant FCLs current and voltage during a 0.1ɋ 

fault . 

Figure 0.18 shows the current and the voltage of the MOV-based series resonant FCL 

for the same system as used for the saturable reactor case. Compared to the saturable-core 
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series resonant FCLs, the MOV-based series resonant FCLs voltage has more harmonic 

content. There is still a voltage spike, albeit small, at the end of the fault. 

An MOV-based limiter cannot be used in a parallel resonant FCL since it will short-

circuit the FCL entirely, whereas the saturable inductor can be applied to a parallel resonant 

FCL for limiting the fault current, as shown in Figure 0.19. 

 
 

Figure 0.19. The current and voltage waveform of a parallel resonant FCL with 

saturable core during a 200ms fault.   

Note that there is a distinct difference between series and parallel type resonant FCL 

operation. The current at the instant of the fault cannot have the highest peak since series 

type resonant FCL forces the fault current to pass through a sizable inductance. On the 

other hand, parallel type resonant FCL allows the current to have the highest peak at the 

beginning since the current is free to pass through the capacitor. 
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1.7 Considerations for Designing a Resonant Fault Current L imiter   

According to the simulation results, the following are some considerations for 

resonant FCL design. 

1) The design of a series resonant FCL is rather simple due to its straightforward 

circuit analysis. 

2) In parallel resonant FCL, the resistor can also participate in fault current limiting 

by changing the impedance amplitude and phase, which was not the case in series 

resonant FCLs. 

3) Due to the presence of a series inductor in series resonant FCLs, the fault current 

cannot be instantly increased, and thus it does not require a fast detection time. 

4) In series resonant FCLs, all the elements are in series with the line, and therefore, 

must carry the line current during the fault. Whereas, in parallel resonant FCLs, 

the two parallel circuit branches split the current (more or less, depending on the 

specific operating point and design). 

5) In most cases, limiting the fault current by an inductive impedance and having a 

capacitive impedance during the normal condition is desired. However, if a 

capacitive reactance limits the fault current, the current transition during RFCL 

activation is smoother. 
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6) All RFCLs limit the fault current based on reactance rather than resistance to 

minimize power loss, voltage stress, and the DC component of the current. 

Reactive limiting also somewhat improves the power quality [72]. 

7) Sensorless operation can significantly improve the performance of the RFCLs, 

making them a competitive solution to superconducting FCLs. Moreover, among 

the two self-detection techniques described above, namely the MOV-based and 

saturable inductor-based, the latter can be used in both series resonant FCLs and 

parallel resonant FCL while the former is only applicable to the series resonant 

FCLs. 

8) In a normal mode of operation, parallel resonant FCLs can act as nearly a pure 

reactive line impedance, while series resonant FCLs act as a nearly resistive 

impedance. Although the resistance of a series resonant FCLs is very small 

during normal conditions, it still consumes power. So, lowering the resistance 

would be essential in designing a series resonant FCL.  

A qualitative comparison of the RFCLs described in this chapter, in terms the level 

of current limiting, the DC component, voltage sag, harmonic contents, recovery after the 

fault, capital cost, and activation time is given in Table 0.1.  Each type has been scored on 

each factor as excellent (E), good (G), moderate (M), and not applicable (N/A). 

The best and worst RFCL types are the inductive sensorless series and the capacitive 

sensored series, respectively. However, the weight of each factor given by the designer can 

specify which type is the best choice. 
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Table 0.1. Comparison of RFCL types [73] 

 

Series Type RFCLs Parallel Type RFCLs 

Sensored Sensorless Sensored Sensorless 

Ind. Cap. Ind. Cap. Ind. Cap. Ind. Cap. 

Level of the 

Current 

Limiting 

E G E G E G 

N/A 

E 

DC 

component 
M E E E G M M 

Voltage sag M G M E M M E 

Harmonic 

contents 
E M E M G G G 

Quick 

recovery 
E G E E E E E 

Capital cost G G G M M E M 

Activation 

time 
G G E E M M E 

 

According to Table 0.1, although the sensorless parallel resonant FCL has a tangible 

DC component, it shows an excellent performance in terms of the current limiting level 

and the voltage sag. Both sensorless series resonant FCLs have a weakness in either of 

those factors, while those are not much better than the sensorless parallel resonant FCL in 

suppressing the DC component. 

In addition, Table 0.1 shows that the series resonant FCLs have a quicker response 

to the fault mainly because the fault current cannot be quickly increased due to the presence 

of the series inductor. However, those are unable to be self-activated. 

According to the capital cost shown in Table 0.1, series resonant FCLs are much 

more expensive because they have three series elements that need to withstand the total 

fault current. Nevertheless, parallel resonant FCLs are less expensive due to having two 
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parallel branches among which the current is divided, particularly the capacitive sensor 

parallel resonant FCL. In conclusion, choosing one of them directly depends on the specific 

requirements that must be met. The authors in [73] have published this comprehensive 

design guideline. 

1.8 Chapter Summary 

In this chapter, a resonant fault current limiter (RFCL) has been introduced and 

analyzed based on its features to limit the fault current. Also, a comprehensive assessment 

has been conducted on common types of RFCLs in terms of current limiting capacity, 

harmonic content, voltage dip during a fault, DC component, and activation time. Desired 

characteristics have been addressed to greatly assist in design for both normal and fault 

conditions. In addition, a new sensorless RFCL has been introduced based on a saturable 

inductor which has improved performance over non-sensorless FCLs. Finally, a 

comprehensive analysis has been done to help the distribution system designer pick the 

best RFCL for a particular purpose. 
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RESONANT FAULT CURRENT LIMITERS FOR USE AS  SERIES 

COMPENSATORS 

This chapter reviews the reactive power concept and reactive power compensation 

techniques. After this introductory part, the rest of this chapter will be focused on designing 

a series reactive power compensator using RFCLs. Accordingly, the following section 

introduces reactive power, and the second section represents and analyzes the conventional 

reactive power compensation techniques. The third section examines the concept of 

reactive power compensation in RFCLs, and how an RFCL can become a series 

compensator. The final section summarizes this chapter. 

1.9 Reactive Compensation 

It is very well known that reactive parallel (shunt) compensation effectively 

maintains the voltage at its nominal value along the transmission/distribution line where 

two feeders are interconnected and supports the end-user voltage of a radial line if power 

demand increases. Therefore, reactive shunt compensation can increase the line capacity 

for transmitting active power up to the thermal limit of the line if the angle between the 

two end voltages is large enough. However, shunt compensation can poorly control the 

power exchange between two endpoints of a power system given the well-known equation 

for power transfer which is,  

 ὖ
ὺὺ

ὢ
ÓÉÎ‏ ‏  7 (17) 

where X is the reactance connecting two endpoints. 
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Clearly, the line reactance significantly contributes to active power transmission as 

it varies the Pïŭ curve of a power system shown in Figure 0.1. If the transmission line 

reactance, X, becomes lower, the transferred power between sending and receiving points 

is increased. Dynamically controlling the reactance helps enhance the steady-state stability 

of the power system if the demand is increased. Therefore, if a capacitor is placed in series 

with the line impedance, as shown in Figure 0.2, the capacitor can cancel out a portion of 

the line inductance and make the impedance smaller, thereby increasing the line capacity 

to transfer more active power. 

 
Figure 0.1. The per unit Pïŭ curve of the AC system shown in Figure 0.13. 

In addition to enhancing the steady-state stability of a power system, the series 

capacitor can reduce the reactance of the line and reduce the voltage variations at the 

receiving end.  Nonetheless, by reducing the reactance, the fault current will be increased 

at the receiving end. Additionally, a series capacitor can cause a sustained oscillation below 
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the system frequency, known as subsynchronous resonance which was observed as early 

as 1937 in an incident in which two turbine-generator shafts were crashed at the Mojave 

Generating Station in southern Nevada. 

 
 

Figure 0.2. Series compensation by a capacitor 

  Instead of using a simple, fixed capacitor in series with the transmission/distribution 

line, a more complicated, power-electronics-based compensator can now be used to 

provide the same function with less adverse consequences known as the dynamic voltage 

restorers (DVRs) described in chapter one.  An example DVR is illustrated below. 

 
 

Figure 0.3.  Typical configuration of a DVR  
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1.10 Controllable Series Compensation 

Although a fixed series capacitor increases the risk of subsynchronous resonance and 

creates higher fault current it can effectively compensate for the line impedance to transfer 

more active power. However, if the series capacitance is dynamically controlled, those 

risks can be avoided. Accordingly, different types of controllable series compensators have 

been proposed to protect sensitive loads from undesirable voltage fluctuations and enhance 

the system stability. This damping of the power oscillations increases the magnitude of the 

Pïŭ curve. The first option to control the compensator is to deploy a thyristor-based switch 

in parallel with a capacitor, which is known as a "thyristor-switched series capacitorò or 

ñThyristor-Controlled Series Capacitor (thyristor-controlled series capacitor).ò 

Accordingly, the voltage across the capacitive reactance can be controlled by turning on a 

thyristor, as discussed in the following sections. 

1.10.1 Thyristor-Controlled Series Capacitors 

As discussed in the previous section, a fixed series capacitor can enhance the line 

power transmission capacity, but it increases the sensitivity of that line if the adjacent line 

fails to operate, or the load is rapidly increased. Therefore, deploying an adjustable series 

capacitor is crucial to control the power exchange during both normal and undesirable 

conditions. A variable series compensator can be formed using back-to-back phase-

controlled thyristors in parallel with a series capacitor, as shown in Figure 0.4. The 

inductance, Lo is added in series with a thyristor switch to the rate change of the current 

passing through the switch, IT.  If the thyristors were to be switched at a specific firing 

angle, this circuit can also limit the fault current. However, the switch and the capacitor 
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need protective devices to prevent a surge or voltage spike that can be detrimental to the 

capacitor. Therefore, an MOV is deployed in parallel with the capacitor, as shown in Figure 

0.4.  Since the MOV cannot entirely short-circuit the capacitor, it can remain in the circuit 

even during a fault and increase the transmission system's transient stability. 

 

 

Figure 0.4. thyristor -controlled series capacitor single-phase model 

1.10.1.1 thyristor-controlled series capacitor Modes of Operation  

Due to the reduction in voltage, which is a function of the firing angle, only a portion 

of the inductor reactance can be in parallel with the capacitor [78-80].  Consequently, the 

thyristor-controlled series capacitor reactance is given by, 
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where XFC and XTCR are the reactance of the capacitor and thyristor-controlled reactor, 

respectively, and LTCR(ʂ) is the inductance inserted by the thyristor-controlled reactor as a 

function of the thyristor firing angle, ʂ.  Note that the firing angle is with respect to the 

capacitor voltage. 
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According to [75, 78], the inductance of the thyristor-controlled series capacitor 

inductor branch is given by, 

 ὢ ‌ Ὦ‫ὒ ‌ Ὦ‫ὒ
“

“ ς‌ ÓÉÎς‌
 ɱ (19) 

As a result, if ʂ is equal to ʓ/2, the denominator becomes zero, and therefore the TCR 

(or inductor) branch becomes open, which means the thyristor-controlled series capacitor 

impedance becomes purely capacitive.  In addition, due to the presence of the parallel 

capacitor, there is an angle, Ŭr, at which the inductor and the capacitor form a parallel 

resonant circuit, i.e., XFC = XTCR (ʂr). For instance, if XFC, XLo, and ʝ are selected to be 

780ɛF, 2mH, and 120ʓ radians/s respectively, the firing angle at which the resonant 

frequency would take place will be 41.6° as shown in Figure 0.5. The upshot is that the 

fir ing angle cannot be changed continuously as shown in Figure 0.6.  

 
Figure 0.5. thyristor -controlled series capacitor impedance in terms of the firing 

angle ʂ. 

According to Figure 0.6, the firing angle should not be more than ŬL(lim) or less than 

ŬC(lim) to limit the impedance change within the line. In practice however, due to the internal 
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resistance, the resultant impedance might not change significantly, thereby the angle limit 

can be ignored. However, because no resistance has been considered in (19), in theory, 

those limiting angles need to be considered. Figure 0.6 also shows that a thyristor-

controlled series capacitor has two operating regions known as the inductive and 

capacitive, enabling thyristor-controlled series capacitor to compensate for the line 

inductance, i.e., decreasing the total line impedance or adding more inductance to limit the 

power exchange. 

 
Figure 0.6. thyristor -controlled series capacitor impedance limiting  by introducing 

ŬL(lim) and ŬC(lim). 

A simple power system is implemented in MATLAB to study the dynamics of a 

thyristor-controlled series capacitor in practice, as shown in Figure 0.7. The voltage, Vs, is 

690ã2 sin (120ʓt) V, and Rl = 0.2ɋ, and Xl = 7.54ɋ. Based on the practical guidance 

presented in [75], the ratio of the inductor reactance to the capacitor reactance, XL0/XC0 is 

around 0.133, and the series capacitor should be huge enough to provide the maximum 

series compensation at rated current, i.e., XC0 = 3.79ɋ. Based on the capacitor, XL0 is chosen 

0.498ɋ. 
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Figure 0.7. A simple power system with a thyristor -controlled series capacitor. 

Figure 0.8 shows both amplitude of the thyristor-controlled series capacitor 

impedance and its imaginary part as the thyristor-controlled series capacitor reactance 

when the firing angle is gradually increased from zero to 1.6 radians. 

 
Figure 0.8. Impedance and reactance of the thyristor -controlled series capacitor in 

terms of the firing angle. 

The impedance values in the figure are determined by measuring the fundamental 

component of the thyristor-controlled series capacitor voltage and current phasor.  From 

Figure 0.8, it can be seen that the thyristor-controlled series capacitor impedance is 

inductive before Ŭ = 0.65 radians (or 37.24°) and is capacitive after, as expected by 

comparing the impedance variations shown in Figure 0.6.  
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1.10.1.2 thyristor-controlled series capacitor as a Power Controller 

It is well known that power flow between two nodes can be controlled by the node 

voltage amplitude or angle, or by controlling the impedance between nodes. Since a 

thyristor-controlled series capacitor acts as a variable reactance, it can control the flow of 

power between two nodes and at the same time suppress any power oscillation. However, 

in this thesis, due to its focus on the distribution network, the thyristor-controlled series 

capacitor is studied as a power flow controller, not a power oscillation limiter.  The 

operation of a thyristor-controlled series capacitor as a power controller is illustrated in 

Figure 0.9. The power flow at different firing angles ranging from 0.7 radians to 1.2 radians 

for the simple power system is shown in Figure 0.7. As shown in Figure 0.9, by increasing 

the firing angle, the thyristor-controlled series capacitor action results in more active power 

and less reactive power in the line by reducing the effective line inductance. 

 
Figure 0.9. Power exchange between the source and the load shown in Figure 0.7 vs. 

firing angle. 

Since the active power is almost a linear function of the firing angle, as illustrated in 

Figure 0.9, a simple proportional-integral can be used for power flow control.  One such 
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control scheme is shown in Figure 0.10 [86, 87]. The control mechanism measures the 

difference between the power reference and the actual power exchanged/transferred to the 

load, which generates an error signal. The PI regulator and a limiter output the firing angle. 

A phase-locked loop, PLL, determines the zero-crossing point of the voltage. The operation 

of the PLL in determining the zero crossings is shown in Figure 0.11. 

 
Figure 0.10. PI-based power exchange control system applied to a thyristor -

controlled series capacitor.  

  
Figure 0.11. PLL signal and thyristor -controlled series capacitor voltage and 

current at Ŭ = 0.3 radians for the power system shown in Figure 0.7. 
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Since the thyristor-controlled series capacitor impedance, in the ideal case, is either 

purely inductive or capacitive, the zero-crossing takes place when the current reaches its 

maximum, as is shown in Figure 0.11. This power flow control system is next examined in 

a new test system that includes two sources that feed the load on two different buses, shown 

in Figure 0.12. The reason behind choosing this system to be studied is its resemblance to 

the system in which the proposed series compensator will be examined. as explained in 

chapter 1, the final system for which the proposed series compensator is designed, is a 

distribution system integrated with rooftop PVs which has the same configuration as the 

doubly fed power system shown in Figure 0.12. 

  
Figure 0.12. Doubly-fed power system equipped with thyristor-controlled series 

capacitor to examine the power exchange control strategy. 

The source voltage, Vs1 and Vs2, are both 690ã2 sin (120ʓt + 30°) V, with Rl1 = 0.2ɋ, 

Rl2 = 0.8ɋ, Xl1 = 7.54ɋ, and Xl2 = 11.31ɋ, shown in Figure 0.12. The load impedance is 

initially 80 + j37.7ɋ and is then decreased for 2 seconds to 70.36 + j27.51ɋ. These 

parameters are taken from a typical distribution system user manual. Note that choosing 

these values does not have anything to do with the thyristor-controlled series capacitor 

performance assessment. However, it is of utmost importance to use the same value for all 

 



 63 

simulation studies performed in this chapter so that the conventional and proposed series 

compensator can be fairly compared. 

  
Figure 0.13. thyristor -controlled series capacitor-based power flow control system.   

The PI controller with its parameter values is shown in Figure 0.13.  The value for 

the firing angle is initially 0.7 radians and is then changed to 1.6 radians (representing 

thyristor-controlled series capacitor operation in the capacitive region). Also, the reference 

power, Pref, is set so that source #1 delivers only 3600W to the load. Figure 0.14 shows the 

power delivered from source #1 being maintained at 3600W, which forces the generation 

of source #2 to provide the remaining power to the load; approximately 850W. 

  
Figure 0.14. Delivered active power from source #1 and #2 to the load shown in 

Figure 0.12. 
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Figure 0.15. Simulation results for the delivered active power from source #1, firing 

angle (radians), and the load RMS voltage (V) for the system shown in Figure 0.12. 

As seen in Figure 0.15, the delivered active power from source #1 has been 

maintained within an acceptable range, indicating that thyristor-controlled series capacitor 

operation is effective. The firing angle decreased from almost 1.4 radians to 0.9 radians to 

maintain the active power delivered to the load from source #1 to 3600W. However, the 

load voltage dropped to about 8V, 1.2% of the nominal load voltage, simply because source 

#2 had to inject more active power. The thyristor-controlled series capacitor voltage and 

the current passing through the capacitive and inductive branch of thyristor-controlled 

series capacitor are shown in Figure 0.16. 

A seen in Figure 0.16, the voltage across the thyristor-controlled series capacitor 

contains significant harmonic contents causing the load voltage to have approximately 5% 

THD, which might not be suitable for sensitive loads. In Figure 0.16, the thyristor gate 

signal is also shown only for the forward biased thyristor. The reverse biased thyristor gate 

signal is generated with a ˊ radian delay. 
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Figure 0.16. Simulation results for the thyristor-controlled series capacitor voltage 

and current for the system shown in Figure 0.12. 

The simulation results prove that a thyristor-controlled series capacitor effectively 

maintains the power exchange between two nodes, but it has a potentially adverse effect 

on the receiver-end voltage due to the variable impedance. In other words, since the 

thyristor-controlled series capacitor is not designed to be a voltage controller, it may 

jeopardize the receiving-end voltage. 

1.10.1.3 Thyristor-Controlled Series Capacitor as a Voltage Controller 

Obviously, thyristor-controlled series capacitors, with a broad range of operation 

(from inductive to capacitive mode), can effectively support the load voltage during a 

voltage dip or swell.  The location of a thyristor-controlled series capacitor is critical for 

deciding what operating region should be chosen for the thyristor-controlled series 

capacitor.  For instance, if the effective, or equivalent, reactance causes a voltage drop at 

the load, the thyristor-controlled series capacitor needs to be operated in the inductive 
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region and vice versa. The load voltage variations in terms of the firing angle are shown in 

Figure 0.17. 

  
Figure 0.17. Load RMS voltage in terms of the firing angle for the system shown in 

Figure 0.12. 

As shown in Figure 0.17, increasing the firing angle (including operation in the 

capacitive mode) would not monotonically increase the load voltage. 

  
Figure 0.18. Voltage control system for thyristor-controlled series capacitor. 

Therefore, the limiter does not need to be set between 0.7 radians and 1.6 radians to 

deploy a capacitive reactance as required in the power control application. A lower firing 
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angle increases the load voltage, therefore, the firing angle limit is now set from 0 radians 

to 1.6 radians, as shown in Figure 0.17. 

The load voltage is simulated with and without the control mechanism of Figure 0.18. 

The load is changed from 80 + j37.7ɋ at 8 seconds to 54.2 + j32.62ɋ for 2 seconds. The 

firing angle will be set to 0.8254 radians or 47.29° to simulate the "no control" scenario to 

hold the nominal voltage at 650 V during no injection from the source #2. The load RMS 

voltage without any voltage controller Figure 0.19. 

  
Figure 0.19. Load RMS voltage with a fixed firing angle (0.8254 radians) for the 

system shown in Figure 0.12. 

As shown in Figure 0.19, the nominal load voltage with a fixed firing angle (0.8254 

radians) is 650 V, resulting in a voltage drop is 3.1%. Now, if the voltage control strategy, 

shown in Figure 0.18, is employed, the voltage drop across the load is 1.2%, as given by 

in Figure 0.20. 
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Figure 0.20. Load RMS voltage for the system shown in Figure 0.12 w/o the voltage 

control strategy shown in Figure 0.18. 

 

  
Figure 0.21. Power delivered to the load if voltage control system shown in Figure 

0.18 is applied. 
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The proposed voltage control system enables the thyristor-controlled series capacitor 

to maintain the load voltage effectively.  The power delivered to the load from both sources 

#1 and #2 is shown in Figure 0.21. This indicates that the power delivered from both 

sources has been increased to serve the extra load during transient. 

1.10.2 Gate Turn-Off Thyristor-Controlled Series Capacitors 

A gate turn-off thyristor (GTO) is a thyristor with the capability of being turned off. 

As shown in Figure 0.22, a Gate Turn-Off Thyristor-Controlled Series Capacitor (GTO-

controlled series capacitor) includes back-to-back GTO thyristor switches that change the 

voltage on the parallel capacitor. The inductor, L0, resistor, r, and the diode, D, are used to 

limit the GTO forward current rise [44]. 

 
Figure 0.22. A GTO thyristor -controlled series capacitor (GTO-controlled series 

capacitor) topology [44]. 

The operation of a GTO-controlled series capacitor is very similar to a thyristor-

controlled series capacitor, with the difference being that the capacitor voltage.  Ignoring 

L0, r, and D, when either GTO1 or GTO2 is conducting, the capacitor is short-circuited. 
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Like the thyristor-controlled series capacitor, the firing angle of a GTO-controlled 

series capacitor is determined by the line current angle, which is 90° ahead of the capacitor 

voltage. However, the switch is turned on when the capacitor voltage is zero to prevent a 

voltage/current transient and is turned off (inserting the capacitor) when the voltage reaches 

a certain level, i.e., Vm sin(ɔ), as shown in Figure 0.23.   

 
Figure 0.23. Switching mechanism in a GTO-controlled series capacitor  

The angle ɔ represents the point at which the switch is turned off, and is referred to 

as the turn-off angle. If the switch is completely off all the time, the capacitor voltage is 

Vc(ɔ = 0). Otherwise, a portion of this voltage will be applied to the capacitor to reduce the 

capacitive impedance of the line. 

According to [44, 81-83], GTO-controlled series capacitor operation does not change 

the line current, which determines the capacitor voltage and provides the zero-crossing 

signal for the phase-locked loop (PLL) unit.  Assuming the line current is, 

 Ὥὸ ЍςὍÃÏÓ‫ὸ (20) 

The capacitor voltage is therefore given by, 
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The capacitor voltage of this equation applies during the positive half cycle.  For the 

negative half cycle, the voltage is the negative of Vc(t).   

The harmonic components of Vc are given by, 
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Only even harmonics and the sin coefficients exist since Vc is odd symmetric.  
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The fundamental component of the capacitor voltage, Vcf, is : 
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The GTO-controlled series capacitor reactance can then be written as, 
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Clearly, XGTO-controlled series capacitor is maximum when ɔ = 0 and zero when ɔ = ʓ/2. 

 
Figure 0.24. The fundamental component of the capacitor voltage in terms of ɔ. 
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Figure 0.24 shows the normalized value of Vcf in terms of the turn-off angle. In 

equation (24), two terms are subtracted from the maximum value of Vcf: a linear and a sine 

term.  Figure 0.25 shows the GTO-controlled series capacitor impedance as a function of 

the turn-off angle. The GTO-controlled series capacitor capacitor is assumed to be 750ɛF 

which is the same value used in the thyristor-controlled series capacitor simulation in the 

previous section. The maximum capacitance at ɔ = 0 (using ‫ ς“φπ) is, 
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(26) 

 
Figure 0.25. GTO-controlled series capacitor impedance amplitude in terms of ɔ. 

As illustrated in both Figure 0.24 and Figure 0.25, there is no prohibitive range for 

the turn-off angle as compared to the firing angle of the thyristor-controlled series 

capacitor. This fact is a significant merit of using GTOs instead of the thyristors. 

Additionally, GTO-controlled series capacitors have a better dynamic response than 

thyristor-controlled series capacitors [82]. Table 0.1 lists the outlines the salient 

characteristics of GTO-controlled series capacitors and thyristor-controlled series 

capacitors. 



 73 

Table 0.1. Dual characteristics of the GTO-controlled series capacitor and thyristor -

controlled series capacitor [84] 

GTO-controlled series capacitor thyristor-controlled series capacitor 

¶ GTO thyristors are in parallel with 

the capacitor 

¶ Connected to the transmission line 

in series 

¶ Supplied by a current source 

¶ The amount of the capacitor 

current is controlled through 

switching mechanism 

¶ Thyristors are in series with the 

reactor 

¶ Connected to the transmission line 

in parallel 

¶ Supplied by a voltage source 

¶ The amount of the reactor voltage 

is controlled through switching 

mechanism 

¶ The capacitor voltage is controlled 

by switchesô turn-off angle 

¶ The reactor current is controlled 

by switchesô firing angle 

¶ Firing and blocking the switches 

with zero voltage 

¶ Firing and blocking the switches 

with zero current 

 

Although thyristor-controlled series capacitors are designed to show both inductive 

and capacitive impedance, the system usually needs only capacitive impedance to 

compensate the inductive impedance of the line.  The GTO-controlled series capacitor 

inability to insert an inductive impedance does not make it less useful than thyristor-

controlled series capacitor [84, 85].  As shown in Figure 0.6, the thyristor-controlled series 

capacitor impedance will not be zero at any firing angle, whereas GTO-controlled series 

capacitor impedance has a range of 0 to Zmax, when the GTO branch is entirely off. 

Therefore, to compare the capacitance requirement for thyristor-controlled series 

capacitors and GTO-controlled series capacitors for the same compensation level of the 

line impedance, the following equation must be satisfied: 

 ὅ

ὅ

ὤ

ὤ
 (27) 

where Zmin is the minimum impedance of the thyristor-controlled series capacitor when it 

is in the capacitive region [84]. 
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The capacitance needed for thyristor-controlled series capacitor is higher than GTO-

controlled series capacitor for the same compensation rate. Also, thyristor-controlled series 

capacitors need an inductive branch with the same current rating as does the capacitor. 

Therefore, a GTO-controlled series capacitor requires a capacitor with less capacitance and 

a lower current rating compared to a corresponding thyristor-controlled series capacitor. 

However, the switch used in a GTO-controlled series capacitor needs to tolerate a slightly 

higher voltage than in the case of the thyristor-controlled series capacitor. 

A study in [84, 85] shows a comparison between the rating of an existing thyristor-

controlled series capacitor in Brazilian north-south interconnection and a GTO-controlled 

series capacitor proposed to have the same compensation as shown in Table 0.2. In this 

study, all of the element ratings show that the GTO-controlled series capacitor has 

significant better performance at the same amount of compensation.  

Table 0.2. Comparison between an existing thyristor -controlled series capacitor and 

a similar GTO-controlled series capacitor used in Brazilian north-south 

interconnection [84] 

Parameter 
GTO-controlled 

series capacitor 

thyristor-controlled series 

capacitor 

Capacitor Impedance 13.27 ɋ 39.81 ɋ 

Capacitor Capacitance 200 ɛF 66.6 ɛF 

Maximum Impedance 39.81 ɋ 39.81 ɋ 

Impedance Range 13.27. 39.81 ɋ 0. 39.81 ɋ 

Max/RMS Fundamental Voltage 59.7/60.3 kV 59.7/60.3 kV 

Max. RMS Capacitor Current 5025 A 1500 A 

Max. RMS Reactor Current 3735 A 1500 A 

Max. RMS Switch Current 3735 A 1500 A 

RMS/PEAK Switch Voltage 51.34/74.41 kV 59.73/84.47 kV 

 

The voltage harmonic content of a GTO-controlled series capacitor has a slightly 

higher THD than a thyristor-controlled series capacitor, but can be significantly improved 
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if, instead of one GTO-controlled series capacitor, several GTO-controlled series 

capacitors in series are used [82-85]. Figure 0.26 shows the capacitor voltage of the GTO-

controlled series capacitor when ɔ = /́7 in order to partially compensate the line 

impedance. 

 
Figure 0.26. Capacitor voltage of a typical GTO-controlled series capacitor. 

The waveform shown in Figure 0.26 is identical to the same result presented in [82-

85] which verifies the accuracy of the simulation model used in this thesis. Figure 0.27 

shows that the GTO-controlled series capacitor deploys almost pure capacitive reactance 

to counter the line reactance since it does not need auxiliary circuits, as is the case with the 

thyristor-controlled series capacitor. For the results in figure the capacitance is 365ɛF or -

j7.27ɋ at g = 0 and goes to zero when the turn-off angle reaches ˊ/2. 

 
Figure 0.27. GTO-controlled series capacitor impedance and reactance in terms of 

the turn-off angle. 
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1.10.2.1 The GTO-controlled series capacitor as a Power Controller 

As discussed earlier, to maintain the power exchange between a source and a load, a 

GTO-controlled series capacitor can deploy a capacitive reactance to partially eliminate 

the reactance of the line so that the power exchange capability of the line is increased. The 

same doubly fed power system shown in Figure 0.12 is used to examine the GTO-

controlled series capacitor operating as a power controller, in order to compare its 

performance with the thyristor-controlled series capacitor. This time, it will be equipped 

with the GTO-controlled series capacitor shown in Figure 0.28. 

 
Figure 0.28. Doubly fed power system equipped with GTO-controlled series 

capacitor to examine the power exchange control strategy. 

  

For the system depicted in Figure 0.28, the source voltage Vs1 and Vs2 are both 690ã2 

sin (120ˊt + 30Á) V, and Rl1 = 0.2ɋ, Rl2 = 0.8ɋ, Xl1 = 7.54ɋ, and Xl2 = 11.31ɋ. The load 

impedance is initially 80 + j37.7ɋ and is decreased for 2s to 70.36 + j27.51ɋ.  As discussed 

earlier, the GTO-controlled series capacitor can be much less than the thyristor-controlled 

series capacitor, so, in this simulation, the capacitance is chosen to be 365ɛF. Therefore, 

the reactance of the GTO-controlled series capacitor at a turn-off angle of zero is -7.27ɋ, 

which is very close in magnitude to the line reactance. 
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The main difference between the thyristor-controlled series capacitor and the GTO-

controlled series capacitor in terms of power exchange control is their impedance variations 

regarding the firing angle in a thyristor-controlled series capacitor and the turn-off angle in 

a GTO-controlled series capacitor. In a GTO-controlled series capacitor, the lower turn-off 

angle deploys more capacitive reactance, the opposite of the thyristor-controlled series 

capacitor. Consequently, the power control designed for a GTO-controlled series capacitor 

is somewhat different from the thyristor-controlled series capacitor controller shown in 

Figure 0.13. Figure 0.29 shows the control system used for power flow. 

  
Figure 0.29. Power exchange control system for GTO-controlled series capacitor. 

As shown in Figure 0.29, the PI-controller coefficients are the same as those used for 

the simulation the thyristor-controlled series capacitor power control.  But, there are two 

main changes in terms of the thyristor-controlled series capacitor power control system 

shown in Figure 0.13 as follows: 

1) The reference power, Pref, is subtracted from the measured power of source #1, 

P, because to increase its power, the turn-off angle must be decreased and vice 

versa. 

2) Unlike the firing angle, the turn-off angle begins at 0 since it would not deploy 

any inductive reactance and therefore there would be no need to operate in the 

capacitive region.  
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As was the case for the thyristor-controlled series capacitor, the PLL is locking the 

phase when the current reaches its maximum. 

 
Figure 0.30. Simulation results for the delivered active power from source #1, tur -

off angle (radians), and the load RMS voltage (V) for the system shown in Figure 

0.28. 

Figure 0.30  shows the simulation results for the active power transferred to the load 

from source #1, the turn-off angle variations, and the load RMS voltage for the system 

shown in Figure 0.28 based on the proposed PI-based power exchange control strategy in 

Figure 0.29.  Figure 0.30 indicates that the delivered active power from source #1 has been 

maintained within an acceptable range. The turn-off angle increased from almost 0.4 

radians to 1.1 radians during the transient to maintain the active power delivered to the load 

from source #1 to 3600W.  Also, within the load transient period, the load voltage dropped  

about 18V, which is 2.65% of the nominal load voltage, because source #2 had to inject 

more active power. The load voltage level is much higher even though the voltage drop is 

higher than in the case of the thyristor-controlled series capacitor.  
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The GTO-controlled series capacitor voltage and the current passing through the capacitor 

and GTO switch branch are shown in Figure 0.31. The voltage across GTO-controlled 

series capacitor contains significant harmonic contents, but it does not impact the load 

voltage with only about 1% THD. This is much lower than the 5% THD of the load voltage 

for the thyristor-controlled series capacitor.  In the next section, GTO-controlled series 

capacitors will be studied for use in voltage load voltage control. 

 
Figure 0.31. Simulation results for the GTO-controlled series capacitor voltage and 

current  for the system shown in Figure 0.28. 

1.10.2.2 The GTO-controlled series capacitor as a Voltage Controller 

The voltage control mechanism for a GTO-controlled series capacitor is very similar 

to thyristor-controlled series capacitor, except that a GTO-controlled series capacitor can 

only be operated in the capacitive region which results in the load voltage increased when 

the GTO-controlled series capacitor is operated because it inserts less resistance. The turn-

off angle vs. voltage is shown in Figure 0.32. the load voltage variance with respect to turn-
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off angle is not significant when the turn-off angle is more than about 1 radian, as expected. 

The input of the system must be positive when the measured voltage is higher than the 

reference voltage to increase the turn-off angle so that the voltage reduces. When the turn-

off angle is zero, the GTO-controlled series capacitor current reaches its maximum value, 

as shown in Figure 0.23. Therefore, the PLL must measure the GTO-controlled series 

capacitor current to find the correct time to initiate turn-off. 

 
Figure 0.32. The load RMS voltage in terms of the tun-of angle for the system shown 

in Figure 0.28. 

The load voltage is first simulated given no voltage control and a fixed turn-off angle. 

In the simulation, the load is changed from 80 + j37.7 ɋ to 54.2 + j32.62 ɋ for 2 seconds 

beginning at 8 seconds.  The firing angle is initially set at 0.745 radians or 42.68° to achieve 

the nominal voltage, 675 V, at the load. The simulation result with no voltage control is 

shown in Figure 0.33. The voltage drops about 10V, or roughly 1.5% of the nominal 

voltage. 

To better regulate the load voltage, the turn-off angle must be decreased to inject 

more capacitance. This is achieved using the PI-based voltage control system shown in 

Figure 0.34. The PI controller takes the error signal, Vl - Vref, and outputs the turn-off angle 
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required for maintaining the load voltage at its nominal level.  The simulated control system 

is shown in Figure 0.35. Figure 0.36 shows the load voltage with and without the PI-based 

voltage controller. 

 
Figure 0.33. Simulation result of the load voltage with no voltage control system for 

the system shown in Figure 0.28. 

 
Figure 0.34. PI-based voltage control system applied to a GTO-controlled series 

capacitor. 

 
Figure 0.35. Voltage control system for GTO-controlled series capacitor. 
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The PI coefficients used for the results in Figure 0.35 are identical to those used for 

the thyristor-controlled series capacitor controller of Figure 0.18.  

 
Figure 0.36. Load RMS voltage for the system shown in Figure 0.28 w/o the voltage 

control strategy shown in Figure 0.35. 

Compared to the load voltage variation of the thyristor-controlled series capacitor 

illustrated in Figure 0.20, the GTO-controlled series capacitor clearly maintains the voltage 

closer to the nominal value, despite the higher voltage range of the thyristor-controlled 

series capacitor. 

1.11  Resonant Fault Current Limiter  as a Controllable Series Compensator 

As stated earlier, inductance variation in an RFCL is not necessary if  a saturable 

inductor is used, as in the proposed RFCL.  Additionally, the RFCL capacitor must be 

tuned with the inductor to be effective for the fault current limiting. Consequently, the 

resistor is the best choice among the three elements to vary.  It also has the least impact on 



 83 

the operation of a fault current limiter.  As before, thyristor and GTO switches will be 

compared for the purpose of varying the resistance. 

1.11.1 Thyristor-Controlled Resonant Fault Current Limiters 

Figure 0.37 shows a thyristor-controlled series compensated RFCL which varies the 

resistance by changing firing angle.  At zero firing angle, the resistor is short-circuited.  

When the firing angle is ˊ, the entire resistance is applied. Therefore, unlike the thyristor-

controlled series capacitor, where the firing angle could not be more than ˊ/2, a thyristor 

controlled RFCL be operated with a firing angle from 0 to ˊ radians. 

 
Figure 0.37. A Series Compensated thyristor -controlled RFCL.  

Figure 0.38 shows the block diagram used change the resistance, using TCS in MATLAB. 

Two series resistors are connected to a voltage source, as shown in Figure 0.38. One of 

those resistors, R1, is parallel with the thyristor switch, while the other, R3, is only used in 

series to prevent a short circuit over the voltage source. Since the voltage and current are 

in phase, the source current can be used as an input of the PLL to determine the initial 

phase angle of the resistor voltage. Also, a ramp signal generator is used to increase the 

firing angle from 0 to ˊ radians. 
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Figure 0.38. Experimental setup to measure the effective resistance of R1. 

For the results shown in Figure 0.38, the source voltage is 100 V RMS, at 60 Hz. The 

firing signal width is constant at 0.2 radians, and the resistance of R1 is measured based on 

its RMS voltage and current. The PLL measures the initial angle of the voltage across R1, 

based on its current.  

The thyristor gate control (shown in Figure 0.38) is the same as used in the thyristor-

controlled series capacitor simulation model. It receives three inputs to generate the proper 

gate signal for the thyristor switch.  The PLL is input to the gate control system so that the 

gate signal is generated based on the initial phase of the voltage across R1. Then, the firing 

angle input determines how long after the initial phase of that voltage the gate signal is 

initiated.  The third input determines how long the firing angle will last. Also, there is a 

time delay block to apply the same firing signal after ˊ radians to the thyristor in the reverse 

direction. 
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The curve plotted in Figure 0.39 shows that the resistance change is not linearly 

related to the firing angle. Using the "basic fitting" tools in MATLAB, three different 

polynomial functions are calculated to replicate this relationship. Since all the polynomial 

approximation is closely following the data curve, the lowest, 3rd degree, is good enough 

to be used as the resistance function.  That is, 

Ὑ ‌ πȢπχυ‌ πȢσσ‌ πȢπςς‌ πȢπρφ ɱ (28) 

where ʂ is the firing angle in radians. Since the initial resistance of R1 is 1ɋ, ()1R a is a 

normalized function.  Therefore, if the resistance of an RFCL resistor is R ohms, the 

expression in (29) would be multiplied by R.  

 
Figure 0.39. The effective resistance of R1 in terms of the firing angle. 

The curve plotted in Figure 0.39 shows that the resistance change does not have a 

linear relationship with the change of the firing angle. Using the ñbasic fittingò tools in 
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MATLAB, three different polynomial functions have been discovered that can replicate 

this relationship. Since all those polynomial functions are closely following the data curve, 

the least powered one, 3rd degree (cubic), would be good enough to be taken as the 

resistance function as stated in (29): 

Ὑ ‌ πȢπχυ‌ πȢσσ‌ πȢπςς‌ πȢπρφ ɱ (29) 

where ʂ is the firing angle in radians, and R(ʂ) is the resistance function of the R1. Since 

the original resistance of R1 is 1ɋ, the expression shown in (29) defines a normalized 

function. So, if the resistance of an RFCL resistor is R ohms, the expression shown in (29) 

will be multiplied with R.  

 
Figure 0.40. Three different modes for RFCL impedance in terms of the thyristor 

switch firing angle (radians). 

The impedance during a fault can be calculated in three different ways based on the 

derivative of the RFCL impedance amplitude as a function of its resistance, as given by 
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equation (11). If 2ɤ2LC is less/more than one, the amplitude of the impedance is 

ascending/descending, and if 2ɤ2LC is equal to one, the amplitude is unchanged, as shown 

in Figure 0.40. 

All three avenues to set the impedance are useful for series compensation, albeit in 

different ways. For instance, if 2ɤ2LC is less than one (L=0.006H and C=410ɛF), the 

impedance would have both inductive and capacitive regions. If 2ɤ2LC is equal to one, on 

top of having both inductive and capacitive regions, the impedance amplitude is constant. 

Now, suppose 2ɤ2LC is more than one. In that case, the impedance of the RFCL is only 

capacitive, and the amplitude variation range is much broader than the other cases, which 

enables the RFCL to cancel out the line reactance more than the other cases. However, it 

puts a higher impedance along the line. Another viable arrangement of the thyristor 

controlled RFCL is to separate the resistor into the fixed and variable parts, as shown in 

Figure 0.41. 

 
Figure 0.41. Schematic of a thyristor -controlled RFCL with fixed and variable 

resistor. 

The resistance of the thyristor-controlled RFCL only changes within the range of R0f 

to R0v + R0f, which enables further limiting on the operating range of the thyristor-controlled 
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RFCL impedance. The fixed resistor, R0f, can also be taken as the inductor's internal 

resistance, which helps model the thyristor-controlled RFCL inductor more precisely.  

For example, Figure 0.42 shows the impedance and components (R and X) variations 

of a thyristor-controlled RFCL if the fixed and variable parts of thyristor-controlled RFCL 

resistance are R0v = 2.5ɋ and R0f = 0.5ɋ. Also, the inductor and capacitor are chosen as L0 

= 0.017H, C0 = 670ɛF. 

  
Figure 0.42. The thyristor -controlled RFCL impedance, resistance, and reactance 

variations in terms of the firing angle (radians) if the resistor is split into R0v = 2.5ɋ 

and R0f = 0.5ɋ. 

The same system as in Figure 0.12 and Figure 0.28 will be used to examine the 

similarity of the impedance variation in calculation and simulation, as shown in Figure 

0.43.  All elements used in Figure 0.43 are the same as those used in the simulation studies 

shown in Figure 0.12 and Figure 0.28. Also, R0v and R0f are 2.5ɋ, and 0.5ɋ respectively, 

and the inductor and capacitor are chosen as L0 = 0.017H, C0 = 670ɛF. The simulation 

results are compared with the calculation results, as shown in Figure 0.44. 

The slight difference between the calculation and simulation is most likely caused 

by the non-idealities of the thyristor. However, that difference is insignificant in terms of 

series compensation. Because of the parallel connection between the inductive and 
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capacitive branches of the thyristor-controlled RFCL, the impedance takes its highest 

amplitude when the firing angle becomes zero. 

  
Figure 0.43. Doubly-fed power system equipped with thyristor -controlled RFCL to 

examine the impedance variation of thyristor -controlled RFCL. 

 

  

  
Figure 0.44. Comparing impedance variation of a thyristor -controlled RFCL 

between the simulation and calculation. 

Therefore, the series compensation effect of a thyristor-controlled RFCL is more 

significant if the firing angle is changed downward, as shown in Figure 0.45. The delivered 

power from source #1 reduced from 6.5kW to less than 4.5kW when the firing angle 
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increased from 0 to ́. The results shown in Figure 0.45 are based on a simulation study on 

the power system shown Figure 0.43 while the load is constant at 80 + j37.7ɋ. 

    
Figure 0.45. Power delivered from source #1 and load voltage variations in terms of 

the firing angle in Figure 0.43. 

As shown in Figure 0.45, the power delivered from source #1 is decreasing function 

with the firing angle while the load voltage only monotonically decreases afters Ŭ = ˊ/10 

radians or 18°. Consequently, the firing angle can vary from 0 to ˊ radians for power flow 

control but only from ˊ/10 to ˊ radians for load voltage regulation.  Due to the 

monotonically decreasing power and voltage, they must be subtracted from the reference 

values as shown in Figure 0.46 and Figure 0.47, respectively.  The PI coefficients are 

chosen to be identical with the PI-controller used for both the thyristor-controlled series 

capacitor and GTO-controlled series capacitor to compare the thyristor-controlled RFCL 

performance for both power and voltage control.  
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Figure 0.46. Voltage control system designed for thyristor -controlled RFCL. 

 

  
Figure 0.47. Power exchange control system designed for thyristor -controlled 

RFCL. 

 

1.11.1.1 Voltage Control Mechanism  

As in section 3.2, the load voltage is first simulated with no voltage control.  From 

Figure 0.45, if the firing angle is 1.39 radians, the load voltage is at its nominal value of 

675V.  Therefore, the firing angle is held at 1.39 radians, while the load will be changed 

from 80 + j37.7ɋ to 54.07 + j26.13ɋ for 2 seconds beginning at 8 seconds. Figure 0.48 

shows the results of this simulation. 
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Figure 0.48. The RMS voltage of the load shown in Figure 0.43 with  no voltage 

control for  the thyristor -controlled RFCL.  

  
Figure 0.49. The RMS voltage of the controlled load voltage. 

Unlike the thyristor-controlled series capacitor and GTO-controlled series capacitor 

simulations, the magnitude of the load change for this simulation is higher since the same 

load change did not create a significant voltage drop. The voltage drop for is about 10V 

during the load increase. The same PI-controlled system as for thyristor-controlled series 

capacitor/GTO-controlled series capacitor (shown in Figure 0.46) effectively regulates the 
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voltage its nominal value following a transient, as shown in Figure 0.49. The transient 

oscillation of the load voltage is higher than when using the thyristor-controlled series 

capacitor/GTO-controlled series capacitor, shown in Figure 0.49. However, this oscillation 

was not increasing the load voltage harmonic since the current of thyristor-controlled 

RFCL does not include any non-sinusoidal contents, as shown in Figure 0.50. 

    
Figure 0.50. The instantaneous voltage of the thyristor-controlled switch (top), and 

thyristor -controlled RFCL current and the firing signal of the system shown in 

Figure 0.43. 

As shown in Figure 0.50, although the voltage applied to the resistor is completely 

distorted, the current is still sinusoidal.  The THD in this simulation was only 1%, 

indicating that the thyristor-controlled RFCL is superior to GTO-controlled series capacitor 

and thyristor-controlled series capacitor in terms of harmonic distortion level. 

The thyristor switching does not create any significant harmonic distortion because 

the thyristor switching is across the resistor.  The di/dt and dv/dt from the switching creates 
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significantly less transient voltage and current, in comparison to switching across the 

capacitor or inductor. The thyristor-controlled RFCL impedance amplitude and phase are 

shown in Figure 0.51. 

    
Figure 0.51. The instantaneous amplitude (up) and phase (down) value of the 

thyristor -controlled RFCL impedance. 

As expected, the phase angle of the thyristor-controlled RFCL impedance was 

always capacitive and has not been significantly changed, as shown in Figure 0.51. Also, 

as mentioned, the power delivered to the load from both sources would not be constant 

during the voltage control process, as shown in Figure 0.52. The power delivered by source 

#2 is negative, indicating that source #1 feeds both the load and source #2. 
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Figure 0.52. The instantaneous power delivered to the load from source #1 (top) and 

source #2 (bottom) for  the system shown in Figure 0.43. 

1.11.1.2 Power Control 

Another application of thyristor-controlled RFCLs is to limit the power exchange 

between the source and load. Consider again the power system shown in Figure 0.43 as an 

example.  If source #1 is limited to generating only 6000W for an 80 + j37.7ɋ load, the 

firing angle must be set to 0.61 radians, or 34.95°. With the load change starting at 8 

seconds from 80 + j37.7ɋ to 54.07 + j26.13ɋ for 2 seconds, the power at a fixed firing 

angle increases to nearly 8155W, as shown in Figure 0.53. 

Not only is source #1 feeding the load, it also provides additional power for source 

#2 since the delivered power from source #2 is negative over the entire period of the 
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simulation. Since the impedance of thyristor-controlled RFCL is almost purely capacitive, 

the power delivered from source #1 is increased more than in the other cases. 

    
Figure 0.53. The instantaneous power delivered to the load from source #1 (up) and 

source #2 (down) of the system shown in Figure 0.43 for fixed firing angle at 0.61 

radians. 

If the control system shown in Figure 0.47 is activated, the proper firing angle will 

be provided to the thyristor switch of thyristor-controlled RFCL to limit the delivered 

power from source #1 to 6000W, as shown in Figure 0.54. 

The power delivered to the load from source #1 has a limit  of 6000 W. Although the 

power oscillation in the figure seems significant, it does not adversely impact the load 

voltage/current THD as it effectively maintains 1%. Since the delivered power from source 

#1 is limited to 6000W, source #2 now delivers power to the load. 
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Figure 0.54. The instantaneous power delivered to the load from source #1 (up) and 

source #2 (down) of the system shown in Figure 0.43 with  power control. 

The reason why source #2 was not generating before the load change is that the 

impedance of the thyristor-controlled RFCL is almost purely capacitive, so most of the line 

reactance is canceled out, and source #2 was not able to provide sufficient power the load. 

However, when the load is increased, the control system increased the firing angle, as 

shown in Figure 0.55, to make the impedance not purely capacitive.   

    
Figure 0.55. The firing angle change to control the power exchange from source #1. 
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As shown in Figure 0.55, the firing angle is very close to ʓ radians before the load 

change in order to decrease the amplitude and increase the phase of the thyristor-controlled 

RFCL impedance to bring back a portion of the line inductive reactance and limit the power 

delivered from source #1 at 6000W.  The impedance of the thyristor-controlled RFCL goes 

from 9.5Ž-82Á ɋ to 7.23Ž-66Á ɋ in order to limit the power exchange from source #1 of 

the power system shown in Figure 0.43. 

    
Figure 0.56. The amplitude and phase angle of the thyristor-controlled RFCL 

impedance to maintain the power exchange from source #1 shown in Figure 0.43. 

1.11.2 GTO-Controlled Switch Resonant Fault Current Limiter  

Figure 0.57 shows a GTO-controlled RFCL resistor by changing the turn-off angle. 

Zero turn-off angle means that the resistor is fully deployed, and when the turn-off angle 

becomes ˊ/2, the resistor is short-circuited. 



 99 

 
Figure 0.57. Series Compensated GTO-controlled RFCL. 

The resistance variation of a resistor in parallel with a GTO-controlled switch can be 

obtained, as shown in Figure 0.58. 

  
Figure 0.58. The effective resistance of R1 in terms of the GTO turn-off angle 

(radians). 

The resistance of R1 is not linear with the turn-off angle.  However, a polynomial 

approximation can be used. Figure 0.58shows both a quadratic and cubic polynomial 
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approximation.  Both approximations are adequate and for simplicity sake the quadratic 

approximation will be used.  From the figure it can be seen that the resistance is now, 

Ὑ ‌ πȢσχ‌ πȢπσφ‌ ρ ɱ (30) 

where Ŭ is the turn-off angle in radians. Since the resistance of R1(0) is 1 ɋ, the expression 

in (30) can be considered a normalized function. Therefore, equation (30) can simply be 

multiplied by any different value of R1. 

Figure 0.59 shows the GTO-controlled RFCL impedance when the fixed and variable 

resistances are chosen as R0v = 2.5ɋ and R0f = 0.5ɋ. Additionally, L0 = 0.017H and C0 = 

670ɛF.  The impedance of the GTO-controlled RFCL is more capacitive and resistive for 

higher turn-off angles, resulting in lower losses for decreased levels of series 

compensation.  This is the opposite of the thyristor-controlled RFCL operation. To examine 

the GTO-controlled RFCL operation in terms both voltage and power exchange control, 

the same simulation setup shown in Figure 0.60 is implemented in MATLAB.  Except for 

the GTO replacing the thyristor switch, all other elements used in this study are identical 

in the simulation. 

  
Figure 0.59. The GTO-controlled RFCL impedance, resistance, and reactance 

variations in terms of the firing angle (radians) if the resistor is split into R0v = 2.5ɋ 

and R0f = 0.5ɋ. 
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Figure 0.60. Doubly-fed power system equipped with a GTO-controlled RFCL for 

examining the impedance a of a GTO-controlled RFCL.  

1.11.2.1 Voltage Control Mechanism 

The load voltage corresponding to each turn-off angle can be found through a simple 

simulation in which the turn-off angle is gradually increased using a ramp source. At zero 

turn-off angle, the entire resistance is in series. At a turn-off angle of ́ /2, the GTO is short-

circuited which bypasses the resistance. Therefore, increasing the turn-off angle decreases 

the GTO-controlled RFCL resistance and vice versa.  However, this relationship is not 

monotonically increasing, as shown in Figure 0.61. 

  
Figure 0.61. The RMS voltage of the load shown in Figure 0.43 in terms of the turn-

off angle.  
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The load voltage at low turn-off angle is not significantly decreasing, but as soon as 

the turn-off angle becomes higher than 1 rad, it changes over a much broader range of 

voltage. The plot shown in Figure 0.61 represents the load voltage if L = 17mH, C = 670ɛF, 

and R ranging between 0.5ɋ to 3ɋ. If the GTO-controlled RFCL elements are chosen 

differently, the load voltage change will differ. 

To examine the effectiveness of a GTO-controlled RFCL for load voltage control, it 

is essential to first analyze the voltage with no control in place. Referring the simulation 

shown in Figure 0.60, the load voltage is 670V if the turn-off angle is set to 1.37 radians. 

Now, if the load is changed from 80 + j37.7 ɋ to 54.07 + j26.13 ɋ for 2 sec starting at 8 

sec, the uncontrolled load voltage drop is as shown in Figure 0.62. For a fixed turn-off 

angle of 1.37 radians, the GTO-controlled RFCL resistance is 2.75 ɋ. To observe the 

switching performance of the GTOs, Figure 0.63 shows the instantaneous voltage of the 

GTO, which is in parallel with the variable resistor, at the beginning of the load change. 

  
Figure 0.62. The RMS voltage of the load shown in Figure 0.60 if no voltage control 

is applied (Turn -off angle is set to 1.37 radians). 
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Figure 0.63. The instantaneous voltage of the GTO switch (top), and GTO-

controlled RFCL current and the turn -off angle signal (down) of the system shown 

in Figure 0.60. 

As shown in Figure 0.62, the voltage drops from 8 sec to 10 sec. The turn-off angle 

stayed at the same level throughout this simulation, as shown in Figure 0.63.  With the 

GTO-controlled RFCL is equipped with the voltage control system shown in Figure 0.64, 

a drop in the load voltage results in an increase in the turn-off angle and vice versa. 

Unlike thyristor-controlled RFCL, GTO-controlled RFCL current, shown in Figure 

0.63, has a the measured THD of 1%, showing that the harmonic performance of the 

proposed GTO-controlled RFCL is at least good as thyristor-controlled RFCL. And, of 

course, both are superior compared to GTO-controlled series capacitor and thyristor-

controlled series capacitor. 
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Figure 0.64. Voltage control system designed for a GTO-controlled RFCL. 

Next, the PI coefficients are kept the same, but the transfer function used to modify 

the input error differs from the thyristor-controlled RFCL voltage control system by having 

the turn-off angle range shorter than the firing angle used in thyristor-controlled RFCL. 

The is result is illustrated in Figure 0.64.  The load RMS voltage and the turn-off angle 

variations are shown in Figure 0.65. 

  
Figure 0.65. The load RMS voltage (top) and the turn-off angle variations (bottom) 

if the voltage control system shown in Figure 0.64 is applied to the GTO-controlled 

RFCL. 
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Compared to Figure 0.62, Figure 0.65 shows almost the same voltage profile as the 

thyristor controlled RFCL.  However, the range of operation, i.e., being in both capacitive 

and inductive range, is more limited for GTO-controlled RFCL in terms of the firing angle. 

Despite the limited range of operation, GTO-controlled RFCL is as effective as thyristor-

controlled RFCL in series compensation since both can provide the same level of reactive 

compensation. The thyristor-controlled RFCL and GTO-controlled RFCL only created 1% 

harmonic distortion compared to thyristor-controlled series capacitor or GTO-controlled 

series capacitor which create 5% THD or more. The GTO-controlled RFCL impedance, 

both amplitude and phase, with the voltage control system is shown in Figure 0.66. The 

impedance change shown in Figure 0.66 are close like thyristor-controlled RFCL 

impedance when the voltage control is deployed. As expected, the phase angle of the GCS- 

RFCL impedance is always capacitive with only a small change during the voltage drop. 

      
Figure 0.66. The instantaneous amplitude of the GTO-controlled RFCL impedance 

with voltage control. 
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During a load change, the power delivered to the load and source #2 from source #1 

must be increased, as shown in Figure 0.67. According to Figure 0.67, source #1 increases 

the power delivery to almost 2.5kW. At the same time, source #2 receives an extra 850W 

power, which implies that the load power was increased by 1650W as expected. The power 

oscillation is clearly decreased compared to the thyristor-controlled RFCL. 

    
Figure 0.67. The instantaneous power delivered to the load for  the system shown in 

Figure 0.60. 

1.11.2.2 Power Control Mechanism  

Varying the line impedance allows the GTO-controlled RFCL to control the power 

exchange between the source and load. Compensating out the reactive impedance of the 

line, causes source #1 to deliver more power to the load, as shown in Figure 0.68. For the 

results shown in Figure 3.69, the load impedance is constant at 80 + j37.7 ɋ. A ramp 

generator is used to apply the turn-off angle signal to the GTOs in this simulation to avoid 
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any transient power exchange. As shown in Figure 0.68, the power delivered from source 

#1 is not linearly related to the turn-off angle compared to thyristor-controlled RFCL, but 

it has a broader range of operation. In this case, to deliver 6000W, the turn-off angle must 

be set to 1.47 radians. 

    
Figure 0.68. Turn -off angle variations (up) and the instantaneous power delivered to 

the load from source #1 (down) of the system shown in Figure 0.43Figure 0.60 

Without power control, the power delivered from source #1 is 6000W if the turn-off 

angle is set to 1.47 radians. Now, if the load is changed, as shown in Figure 0.69, even with 

the constant turn-off angle, the power delivery from source #1 is more than 6000W, which 

indicates that the power control design for a GTO-controlled RFCL is unique for each 

individual distribution network. In other words, the power (or even voltage) control needs 

to be designed in such a way that it meets the requirements of the particular distribution 

network in which the GTO-controlled RFCL is deployed. 
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Figure 0.69. The instantaneous power delivered to the load from source #1 (up) and 

source #2 (down) of the system shown in Figure 0.60 when no power control is 

applied. 

Figure 0.69 shows the power delivery from both sources during the load change. As 

expected, when the load is increased, the power delivery of source #1 becomes high enough 

to serve the load and feed source #2. The impedance of the line connecting source #1 and 

the load becomes so tiny that source #2 prefers to absorb rather than generate power. If the 

control mechanism is turned on, it is expected that source #2 supplies the load due to the 

6000W limit  enforced on source #1. 

    
Figure 0.70. Power control system designed for a GTO-controlled RFCL. 
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Figure 0.71. The instantaneous power delivered to the load with  power control. 

As shown in Figure 0.70, the GTO-controlled RFCL power control system has the 

same form as the thyristor-controlled RFCL power controller presented earlier. The only 

difference is in the transfer function coefficients because the range of operation in GTO-

controlled RFCL is much lower than in the thyristor-controlled RFCL. Figure 0.71 shows 

the results when the power control is used. 

The power delivered to the load from source #1 is again limited to 6000W, as shown 

in Figure 0.71. Although the power oscillation seems significant, it does not adversely 

impact the load voltage/current THD as it has been effectively maintained at 1%. Since the 

delivered power from source #1 is maintained at 6000W, source #2 now becomes a 

generator to help serve the load.  However, the voltage is no longer kept at its nominal 
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value. Figure 0.72 shows the impedance of the GTO-controlled RFCL with the above-

described power control. 

     
Figure 0.72. The GTO-controlled RFCL impedance which maintains the power 

exchange from source #1 shown in Figure 0.60. 

As shown in Figure 0.72, the impedance of the GTO-controlled RFCL went from 

9.76Ž-78Á ɋ to 7.26Ž-64.27Á ɋ to limit the power exchange from source #1 of the power 

system shown in Figure 0.60. 

1.12 Summary 

In this chapter, the series compensation performance of parallel resonant FCL was 

examined in comparison with two series compensators well known in the literature, namely 

the thyristor-controlled series capacitor and GTO-controlled series capacitor. Although 

there are other types of series compensators, these two compensate by varying the line 
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impedance. Both the thyristor-controlled series capacitor and GTO-controlled series 

capacitor were examined and compared using the benchmarks listed Table 0.1. 

The capability of the RFCL proposed in chapter 2 was investigated to determine its 

current limiting performance. RFCL impedance depends not only on its inductor or 

capacitor, but also its resistance affects the impedance. So, unlike the GTO-controlled 

series capacitor and thyristor-controlled series capacitor, which are only operated based on 

changing capacitor/inductor, RFCL impedance can also be adjusted through its resistance. 

Two new series compensators are introduced based on the proposed RFCL using thyristor-

controlled series capacitor and GTO-controlled series capacitor techniques, namely 

thyristor-controlled RFCL and GTO-controlled RFCL. These compensators use switching 

to vary the RFCL resistor rather than its indictor/capacitor. This decreases the THD to 1%. 

Based on comparable simulation setups, the following comparisons have been made: 

1) Thyristor-controlled RFCLs have a broader operational range, i.e, inductive and 

capacitive. It varies from 0 to ˊ radians while GTO-controlled RFCL varies from 

0 to ˊ/2. (Fire angle vs Turn-off angle) 

2) Both thyristor-controlled RFCLs and GCS-RFC have insignificant harmonic 

contents even during the paid change of the firing angle compared to thyristor-

controlled series capacitor and GTO-controlled series capacitor. 

3) The PLL applied to the control mechanism does not require phase shifting to 

measure the voltage across the resistor, making the thyristor gate firing angle 

signal very accurate.  As noted, thyristor-controlled series capacitor and GTO-

controlled series capacitor needed ˊ/2 phase shifting of the current measuring 

signal. 
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4) Both thyristor-controlled RFCL and GTO-controlled RFCL show negative 

reactance, making them a perfect match to compensate for the line reactance. 

However, thyristor-controlled reactor-RFCL can be redesigned to show some 

reactive impedance. 

5) Unlike thyristor-controlled series capacitor and GTO-controlled series capacitor, 

both thyristor-controlled RFCL and GTO-controlled RFCL are designed so that 

the switching mechanism is directly applied to the resistor instead of the 

capacitor. Since the voltage and current are in phase, there is no need to create a 

ˊ/2 delay as required in thyristor-controlled series capacitor and GTO-controlled 

series capacitor.    

In the next chapter, the performance of the proposed series compensators will be 

examined, as a case study of a thyristor/GTO-controlled RFCL application to determine 

their suitability for integration of PV rooftops in a distributed power system. 
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CASE STUDY: FACILITATING PV INTEGRATION USING 

THYRISTOR / GTO-CONTROLLED RESONANT FAULT 

CURRENT LIMITER  

 Small-scale PV generation units, known as rooftop PVs, are getting more and more 

attention nowadays due to their very low-priced and environmentally friendly energy. 

However, due to their intermittent nature, rooftop PVs can jeopardize the operation of a 

distribution network, particularly if their generation becomes significant. The following 

section presents some of the significant challenges caused by the substantial penetration of 

rooftop PVs. After that, the available solutions to those challenges will be discussed. 

Finally, the role of thyristor-controlled RFCL and GTO-controlled RFCL in preventing 

those adverse impacts will be described, and their effectiveness in maintaining the power 

quality of a distribution network with high penetration of rooftop PVs will be examined. 

1.13 Distribution Network with  High Penetration of Rooftop PVs 

Since renewable resources such as wind and solar have made an excellent 

contribution in bringing down the carbon footprint, many governmental organizations have 

subsidized their installation and incentivized generation. Rooftop PVs can be abundantly 

installed almost anywhere at a low cost, making them attractive to many home/building 

owners. However, their growth might put the stability of a power system in danger due to 

their intermittent nature. Highly integrated rooftop PVs can endanger the distribution 

system in various ways, such as over-voltage, reverse power, protection coordination, and 

harmonic contents [88-92]. The most common problem in a distribution system with high 

penetration of rooftop PV is overvoltage.  This is caused by the fact that during peak 
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daytime sun insolation hours, PV generation increases to such an extent to that distribution 

transformer voltages may become high enough to put the loads and transformers in 

jeopardy. Several solutions have been introduced to mitigate overvoltage. These include 

reducing the transformer ratio [93] and reducing the line impedance by increasing 

conductor size [94].  These methods cannot actively mitigate the overvoltage since they are 

fixed and uncontrollable. Therefore, it is essential to find an active mitigation method to 

avoid overvoltage in a distribution system with a high penetration rate of rooftop PVs.  As 

already illustrated, thyristor/GTO-controlled RFCLs can perform this task.  

1.13.1 Voltage Swell due to PV Penetration 

Consider three homes with rooftop PVs connected to a distribution transformer, as 

shown in Figure 0.1. The distribution feeder provides energy for three homes, each 

equipped with rooftop PVs. The load for each home is taken constantly to bring down the 

unnecessary complexities of the studied system. The solar generation profile of each 

rooftop PV is also designed to be similar to a small-time shift, as shown in Figure 0.2. 

     
Figure 0.1. A study distribution system with three homes each equipped with a 

rooftop PV.  
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The tap changer of the distribution transformer is set to +16% to compensate for the 

voltage drop.  Each hour is assumed to be equal to a second in order to shorten the run 

time. The primary bus voltage and current are 139.65Ž-0.16° Vrms without any solar 

generation and 15.25Ž-24.58° Arms. The voltage of those three homes equipped with 

rooftop PV#1, #2, and #3 are 117.08Ž-7.28°, 115.35Ž-8.49°, 114.74Ž-8.97° V, 

respectively. Also, the corresponding input currents for those homes are 6.56Ž-14.41° A, 

8.1Ž-17.2° A, and 4.08Ž-13.73° A, respectively. When the PVs generate electricity due 

to sun irradiation, the bus voltages increase significantly due to the reducing the line 

current, as shown in Figure 0.2.  In this simulation study, the PV system is modeled as a 

controllable current source to reflect only its generation due to the purpose of this study. 

Although the source current is significantly reduced, the source voltage is nearly 

maintained at its nominal value.  The source voltage remains within ±0.2V of nominal 

during the solar generation.  Additionally, the generation of the second PV system is higher 

than the other two PV units, but the power contribution is not solely due to itself.  The 

voltage of the other two buses are also increased. The voltage of all the load buses will be 

increased during PV generation, as seen in Figure 0.2.  
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Figure 0.2. Bus voltages over 24 hours when each rooftop PV generates electricity in 

the distribution system shown in Figure 0.1.  

As can be seen, the generation of the PVs was not enough to reverse the power flow 

of the distribution transformer. If the number of installed rooftop PVs is doubled, the power 

will be reversed. 

1.13.2 Voltage Swell Mitigation by Thyristor-Controlled Series Capacitor 

As described in chapter 3, thyristor-controlled series capacitors and GTO-controlled 

series capacitors are primarily used to reduce the line reactance by deploying negative 

series reactance. GTO-controlled series capacitors can only provide negative reactance. 

Therefore, to compensate for a voltage swell, GTO-controlled series capacitors must act as 

an inductor that increases when positive reactive power is needed. In other words, it should 

initially set at its maximum compensation to mitigate the voltage swell reduce its reactance 

to its minimum, which would not be practically recommended. However, thyristor-

controlled series capacitors can act as a positive reactance if the firing angle becomes less 

than the lower limit firing angle (ʂL(lim)), shown in Figure 0.6. Therefore, in this study, the 
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contribution of thyristor-controlled series capacitors for mitigating the voltage swell will 

be examined. 

The impedance characteristics of a thyristor-controlled series capacitor are shown in 

Figure 0.8. The thyristor-controlled series capacitor impedance is not a monotonically 

increasing function of the firing angle. Nonetheless, when the thyristor-controlled series 

capacitor impedance is inductive, the relationship is nearly monotonic for the simulations 

in this study. To study this effect further, a typical radial distribution feeder connected to a 

home with a rooftop PV is studied which through a distribution transformer is connected 

to a thyristor-controlled series capacitor.  This configuration is shown in Figure 0.3. 

     
Figure 0.3. Experimental setup for thyristor -controlled series capacitor operation in 

presence of PV injection.  

A 20kV:120V transformer reduces the grid voltage, VG, to 120V which provides 

110V for the home and the load, Vpv. Note that the voltage, current, and impedance of the 

thyristor-controlled series capacitor are always represented from the load side of the 

transformer. So, all simulation results have been converted to the load side of the 

distribution transformer. For the simulations, the resistance and reactance of the 

distribution line, Rl and Xl, are 0.7ɋ, and 301.6mɋ, respectively. Also, the resistance and 
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reactance of the transformer primary side are 0.001p.u and 0.03p.u, and for the secondary 

0.002 p.u. and 0.01 p.u, respectively. The constant load is set to absorb 600W and 50VAR 

active and reactive power. 

At zero firing angle, or when the thyristor-controlled series capacitor is running 

without any control, the voltage Vpu is 110 V if the rooftop PV is disconnected from the 

distribution feeder. Thus, generating power due to the solar irradiation reduces the 

transferred power from the grid, and therefore the current injected to the feeder line will be 

decreased. Accordingly, the voltage drops over the line impedance become lower, and 

subsequently, the load experiences a considerable voltage swell at its terminal. Figure 0.4 

shows the load voltage, Vpv, during PV generation to prove the above point. During rooftop 

PV generation, particularly for 8s, between 10s and 18s, the voltage exceeds almost 119V, 

which is %8.2 more than the nominal voltage. Obviously, his problem can be resolved by 

adding a variable impedance along the line. 

      
Figure 0.4. Rooftop PV generation (top), and the load voltage (bottom) without the 

thyristor -controlled series capacitor. 
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The voltage swells can be avoided by inserting a variable impedance, such as a 

thyristor-controlled series capacitor, along the distribution line to increase the overall 

impedance and decrease the voltage. 

Figure 0.5 shows the transferred power from the source to the load and its associated 

current, reduced during PV generation.  The control of the thyristor-controlled series 

capacitor in this situation is very similar to the control shown in Figure 0.10. However, 

because of the lower voltage level, the capacitor and inductor must be modified to create a 

lower impedance. Also, the PI coefficients must be set to a different value because of the 

different voltage and current levels. The simulated control parameters and block diagram 

are shown in Figure 0.6. 

     
Figure 0.5. Source power (top), and current (bottom) without the thyristor -

controlled series capacitor. 
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In this case study, the firing angle upper and lower limits are 0.85 radians and 0 

radians, respectively, since, if the firing angle is larger than 0.85 radians, the thyristor-

controlled series capacitor impedance is capacitive. 

     
Figure 0.6.  Thyristor -controlled series capacitor control system for the simulation 

setup shown in Figure 0.3. 

 

      
Figure 0.7. Power generated by the rooftop PV (top), and the load voltage (bottom) 

with a thyristor -controlled series capacitor. 
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The load voltage is maintained around its nominal value of 110 V during PV 

generation. It needs to be pointed out that although the change of the PV generation might 

not be as fast, to reduce the simulation runtime and to show the reaction of the voltage 

control system through thyristor-controlled series capacitor, the timeframe of a rooftop PV 

generation has been shrunk to about 20s. 

Hence, those fluctuations in the load voltage would be much less in reality.  For the 

simulation shown in Figure 0.3, the thyristor-controlled series capacitor is operated at its 

highest capacity in order to bring down the voltage since the compensator impedance went 

briefly to the capacitive region. Therefore, the is no room left for voltage compensation if 

the rooftop PV generates more power. 

This can be considered a limiting of the thyristor-controlled series capacitor 

operating range for voltage swell compensation. However, this limiting can be extended 

by increasing the ratio of XL/XC in the thyristor-controlled series capacitor, but the initial 

impedance will consequently increase, which might not be desirable. 

So, the operating limit depends on the system parameters such as the line impedance 

and the load voltage range.   

Since the load voltage is maintained at 110 V, the load current was fixed at its 

nominal value while the source current decreased, as shown in Figure 0.9. The thyristor-

controlled series capacitor maintained the quality of the delivered power to the load despite 

the intermittent nature of the PV generation and source current reduction. However, the 

total harmonic distortion (THD), has gotten worse, which was not unexpected. Any power 

electronic-based device, including a PV inverter, will increase the THD of the system 

depending on their operation or where they are located.  
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Figure 0.8. Thyristor -controlled series capacitor impedance (top) and phase 

(middle), and the generated power by the rooftop PV (bottom) if thyristor -

controlled series capacitor is used. 

      
Figure 0.9. Power delivered by the distribution transformer (top), and the 

source/load current (bottom) during PV generation with a thyristor-controlled 

series capacitor. 
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As described in [90], the voltage THD of a rooftop PV can be around 2.65%, so 

adding 5% more THD due to thyristor-controlled series capacitor operation could be 

significantly harmful. 

      
Figure 0.10. Load voltage/current THD during PV generation with  thyristor -

controlled series capacitor 

The current THD is slightly more than the voltage THD, which is expected due to 

the switching effects of thyristor-controlled series capacitor, as per the simulation shown 

in Figure 0.10.  In addition to harmonics, the thyristor-controlled series capacitor also 

suffers from another operational aspect related to its transition from inductive to capacitive 

injection. As shown in Figure 0.8, to change the operational status of thyristor-controlled 

series capacitor from inductive to capacitive, another PI-based control system is required.  

When the PV generation is unavailable, and the load is increased, the thyristor-controlled 

series capacitance does not vary monotonically. Therefore, two individual control systems 

must provide the proper firing angle for operation in both inductive and capacitive regions. 

1.13.3 Voltage Swell Mitigation Using TCS/ GTO-controlled Resonant Fault Current 

Limiter 

Figure 0.11 shows the configuration of the thyristor-controlled RFCL and the GTO-

controlled RFCL.  The resistive component of both the TSC and the GTO-controlled RFCL 
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has been divided into the variable part, R0v, and fixed part, R0f, so that the resistance can be 

varied within a lower and upper limit. For instance, if R0v and R0f are set to 4ɋ and 0.5ɋ, 

the resistance of TCS/ GTO-controlled RFCL varies between 0.5ɋ to 4.5ɋ. 

     
  

Figure 0.11. Thyristor -controlled RFCL and GTO-controlled RFCL schematics. 

In chapter 3, the RFCL parameters were chosen to create a variable capacitive 

impedance since the purpose of deploying TCS/ GTO-controlled RFCLs was to reduce the 

equivalent line inductive reactance. However, in this section, those parameters must be set 

to deal with the voltage swell.  There must be a higher inductive reactance in order to 

reduce the voltage. As stated in chapter 2, ɤ2LC must be less than 0.5 so that the RFCL 

acts as an inductive impedance during resistance control. The simulation shown in Figure 

0.12 illustrates this fact.  In this case, the RFCL impedance is, L = 4.4mH and C = 600ɛF, 

and the equivalent resistance is varied from 0.8ɋ to 5ɋ. This range is chosen to have the 

same initial impedance of the thyristor-controlled series capacitor operation can be 

compared with the thyristor-controlled RFCL. With this selection, ɤ2LC is 0.261, thereby 

resulting in inductive compensation.  The simulation results with these parameters are 

shown in Figure 0.13. 
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Figure 0.12. RFCL impedance amplitude (top) and phase (bottom) in terms of its 

resistance change from 0.8ɋ to 5ɋ. 

      
Figure 0.13. Power generated by the rooftop PV (top) and load voltage (bottom) 

with  thyristor -controlled RFCL. 
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In the simulation of Figure 0.13, it can be noted that with the same PV injection as 

in the series capacitor case, the thyristor-controlled RFCL control is equally effective in 

regulating the load voltage very close to 110 VRMS.  By looking at the firing angle 

variations throughout the PV injection and the harmonic content of the load voltage and 

current, shown in Figure 0.14, the thyristor-controlled RFCL has a number of significant 

advantages over the thyristor-controlled series capacitor as explained below. 

The variation of the firing angle signal was not as broad as the change applied to the 

thyristor-controlled series capacitor firing signal, which means thyristor-controlled RFCL 

can compensate for a higher voltage swell. In other words, the capacity to restore the 

voltage during PV injection is more than that of thyristor-controlled series capacitor, 

increasing its ability to cope with a higher penetration of rooftop PV. 

      
Figure 0.14. Firing angle signal for thyristor -controlled RFCL (top) and load 

voltage/current THD (bottom) with  thyristor -controlled RFCL. 
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This is illustrated in Figure 0.14.  Additionally, it can be seen that the thyristor-

controlled RFCL is better in terms of harmonic injection, since the load voltage has at most 

2% THD, while with the thyristor-controlled series capacitor, the load voltage THD had a 

maximum value of 5%. Needless to say, this 2% THD is still acceptable even in the 

presence of a 2.56% voltage THD created by the PV injection. 

The first step is to set up a simulation with no PV injection to determine the degree 

to which the voltage level will be decreased. The results of this simulation reveal the 

highest capacity of the thyristor-controlled RFCL in compensating voltage swell and the 

corresponding firing angle range, as shown in Figure 0.15. 

      
Figure 0.15. Firing angle signal for thyristor -controlled RFCL (top) and load 

voltage (bottom) during no PV injection. 

According to Figure 0.15, the load voltage drops to more than 20VRMS if the firing 

angle increases to 1.248 radians as expected. Comparing the same simulation conducted 
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for thyristor-controlled series capacitor, thyristor-controlled reactor-RFCL can bring the 

voltage down more than two times when thyristor-controlled series capacitor is deployed. 

So, based on that observation, the ultimate firing angle that designates the upper level of 

the limiter unit in the control system shown in Figure 0.6 for the thyristor-controlled RFCL 

application is 1.248 radians. This new upper limit can add around 200W of PV injection 

into the same system while the voltage is effectively maintained at 110V. Figure 0.16 

shows the rooftop PV injection at about 1.5 times more than the previous scenario, shown 

in Figure 0.13, to prove the compensation capacity enhancement of thyristor-controlled 

RFCL compared to thyristor-controlled series capacitor. 

      
Figure 0.16. Power generated by the rooftop PV (top) and load voltage (bottom) 

with  thyristor -controlled RFCL (at the maximum capacity). 

As shown in Figure 0.16, the most delivered power by the rooftop PV is now 

increased from 375 W (when thyristor-controlled series capacitor was at its maximum 
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compensation capacity) in the last scenario to 572.2 W (when thyristor-controlled RFCL 

is at its maximum compensation capacity). Also, there is a minor voltage drop within a 1s 

period between 14s and 15s, which is reasonable because around that firing angle, the 

voltage is less rapidly changed than other firing angles, as shown in Figure 0.15. The firing 

angle changes during the PV injection are shown in Figure 0.17.   

Also, the harmonic content generated during the voltage compensation is shown for 

both load voltage and current in Figure 0.17. As shown in these graphs, the THD of both 

voltage and current is low enough to be acceptable from the distribution system viewpoint. 

       
Figure 0.17. Firing angle signal for thyristor -controlled RFCL (top) and load 

voltage/current THD (bottom) with  thyristor -controlled RFCL (at the maximum 

capacity). 

Since the thyristor-controlled RFCL maintains the voltage at its level, the load 

current must be constant while rooftop PV generates, and only the source current would be 






























































