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Abstract

The fixed capacitor-magnetically controlled reactor (FC-MCR) is a type of static var compensator (SVC) that can greatly
contribute to the availability and stability of power systems. This paper proposes a comprehensive reliability model for the
FC-MCR using the Markov process approach. The modeling process adheres to actual operational principles and divides the
MCR structure into two sections: electro-magnetic section and core magnetization section. Subsequently, the Markov models
proposed for these sections are integrated with the Markov model of the fixed capacitor bank to derive the FC-MCR reliability
model. Recognizing the impact of environmental conditions on electrical equipment failure rates, the proposed reliability
model takes into account temperature variations and assesses their influence on the probabilities of the FC-MCR operating
state. By examining the simulation results and conducting sensitivity analysis, it was found that the availability of the FC-
MCR is influenced by various components and environmental conditions, which necessitates different reliability enhancement
measures. Moreover, a comparison between the reliability indices of the FC-MCR and its counterpart (FC-TCR) in diverse
environmental conditions revealed that the FC-MCR is less affected by temperature variations compared to the FC-TCR.
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1. Introduction

A) Fixed Capacitor Magnetically Controlled
Reactor (FC-MCR)

By developing the power systems and raising
issues such as privatization and deregulation in the
electricity industry, paying attention to the reactive
power problems and a need for compensators with
high flexibility and reliability are necessary. In the
meantime, Static var compensator (SVC) as one of
the most conventional reactive power sources in
power systems, plays an important role in voltage
stability and control, loss reduction, and power
quality enhancement [1]. The fixed capacitor-
thyristor controlled reactors (FC-TCR) and thyristor
switched capacitor thyristor controlled reactors
(TSC-TCR) are two common types of SVCs used in
power systems. Fixed capacitor magnetically
controlled reactor (FC-MCR) is a type of SVCs that
due to its advantages has recently been widely used
in power systems [2].

MCR is a type of flexible AC transmission
systems since 1990; it has been used for voltage

stability and reactive power control in power
systems. The utilization of MCR alongside fixed
capacitor banks creates a new type of SVC with the
advantages of continuously adjustable capacity, low
harmonic, and excellent control characteristics that
can be connected to the power system with no need
for an interface transformer [2]. As shown in Fig. 1,
the MCR structure consists of two electromagnetic
(EMS) and core magnetization sections (CMS). The
EMS including control, compensation, and HV
windings (wd), windings cooling system (WCS),
tank and oil (T&O), iron core, HV bushings (bsh),
and CMS including a thyristor-controlled rectifier
(Rec.), thyristors cooling system (ThCS), and MCR
control system (MCRCS). In this configuration, the
reactive power generated by FC is fixed and the
reactive power absorption capacity is controlled by
MCR through magnetizing the iron core [3].
Connecting the HV windings to the power system
creates an AC flux in the iron core, which induces
the AC voltage in the compensator winding, and
finally, feeds the DC link of the rectifier. By
controlling the thyristors firing angle of the rectifier,
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the controllable voltage of Vpc is generated and
applied to the MCR control winding. Applying Voc
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Fig. 1. General Structure of FC-MCR Type of SVC.

to the control winding creates a bias in the
magnetic core, followed by the change of the core
operating point and its saturation. In the saturation
region, a slight variation in the voltage can lead to
extensive variation in the current. Hence, by creating
a bias in the iron core, the value of reactance can be
changed from the HV winding point of view [4].

The core bias circuit has a slight power
compared to MCR rated power. This causes the
thyristors used in the MCRCS to be subjected to
slight voltage and current compared to the thyristor
valves used in the TCR structure and limits the need
for the ThCS operation. Ultimately, the reduction in
the heat generated in thyristors reduces the
sensitivity of MCR to rectifier parameters and its
cooling system. However, in the TCR-based SVCs,
flowing total reactor current through the thyristor
valve leads to high switching losses followed by an
intense temperature increase in the thyristor valves.
Furthermore, the direct connection of MCR to the
HV network and the lack of a need for an interface
transformer can have a significant effect on
increasing availability of the MCR-based SVCs.

B) Literature Review

Since, in many cases, reactive power variations
in transmission lines are more than active power
variations [5], SVCs can have a significant effect on
the availability and stability of power systems.
Hence, it is necessary to consider the role of these
compensators and the factors such as environmental
conditions affecting their performance in power
system reliability evaluation [6]. Reliability is
defined as the probability that a system, or service
will perform its intended function adequately for a
specified period, or will operate in a defined
environment without failure [7-8]. Generally,
reliability evaluation methods can be divided into
two categories, i.e. the analytical methods and
Monte-Carlo simulation techniques [9-10]. In
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analytical methods based on the states enumeration,
all possible states are examined one by one and each
state is separately analyzed. In Monte-Carlo
simulation methods based on the random behavior
of the system, the reliability indices are estimated by
actual process simulation [10]. A Markov chain is a
stochastic model that uses mathematics to predict
the probability of a sequence of events occurring
based on the most recent event. The defining
characteristic of a Markov chain is that no matter
how the process arrived at its present state, the
possible future states are fixed. In other words, the
probability of transitioning to any particular state is
dependent solely on the current state and time
elapsed [7].

In this regard, in [6] and [11-15] some new
indices are presented for the reliability evaluation of
a power system in conditions where reactive power
sources are incapable, and the network points
needed for reactive power compensation are
specified based on these indices. In [13], the effect
of using a unified power flow controller (UPFC) on
power system reliability indices has been evaluated,
and shown that the utilization of this controller will
significantly decrease the expected energy not
served (EENS). In [14], the effect of power factor
correction capacitors on the electrical distribution
system reliability has been evaluated; calculating the
reliability indices with and without the presence of
capacitor banks has shown that these sources have a
significant effect on the reliability enhancement of
the electrical distribution system. In [15], a two-state
reliability model is presented by combining the
Markov process and Monte-Carlo simulation
methods for the FC-TCR. In this method, Monte-
Carlo simulation was used to extract the reliability
parameters, while the Markov process was used to
calculate the reliability indices. In the modeling
process presented in [15], the effect of the control
system has not been considered as the most sensitive
component of SVC, and derated states have been
ignored. In this regard, a three-state reliability model
for the FC-TCR type of SVC is presented in [16],
where in addition to in-service and out-of-service
states, derated states are also considered. The results
presented in [16] have shown that the TCR will have
the greatest effect on SVC availability due to the
high temperature in the thyristor valve.

In the FC-TCR type of SVC, the TCR is
responsible for the continuous control of reactive
power by controlling the effective current
amplitude flowing toward the reactor. In the FC-
MCR type of SVC, reactive power absorption
capacity is controlled by the magnetization of the
iron core. In this compensator, by removing the
thyristor valve from the reactor structure, direct
connection to a high voltage (HV) network is
possible [2]. Previously, magnetically and thyristor-
controlled reactors have been compared in transient
behaviors and harmonic points of view [17-18]. The
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results presented in [17] show that with no need for
harmonic filters, MCR can control reactive power
and system voltage with an output of less than 2%
of the total harmonic distortion. In [18], it has been
shown that although MCR-based SVCs have slower
response rates than TCR-based SVCs, they can play
amore prominent role in power system transient
stability enhancement. However, no model has been
provided for evaluating the reliability of MCR and
MCR-based SVCs in the literature so far.

C) The Proposed Modeling Approach

In this paper, a comprehensive reliability
model has been proposed based on the Markov
process approach for the FC-MCR. In the proposed
approach that performed according to real operation
principles, the MCR structure is divided into two
electro-magnetic and core magnetization sections
and next, the extracted reliability models for them is
combined with the reliability model of the FC. The
proposed process for reliability modeling takes into
account the impact of environmental conditions on
key parameters, such as the failure rates. The
proposed reliability model is a general model that
can be applied to FC-MCR in the power system,
irrespective of its capacity. This paper is organized
as follows: Sections 2 is dedicated to the reliability
modeling of FC-MCR and its components. The
effect of operating temperature on FC-MCR
components failure rate has been investigated in
section 3. The simulation results are presented in
Section 4. Finally, this paper is concluded in Section
5 and further work have been provided.

2. The Proposed Reliability Model for FC-MCR

In this section, EMS and CMS reliability models
have been extracted based on the relationship of the
components using the Markov process technique
and by combining them with the FC model; the final
reliability model is determined for the FC-MCR.
The main steps in deriving the FC-MCR reliability
model are as follows:

Step 1: Determining the Rec, ThCS and MCRCS
Markov models according to the failure modes and
their combination (based on the relationship of
components) to derive the core magnetization
section reliability model.

Step 2: Determining the Markov models of MCR
internal components including windings, core, oil
and oil tank according to the failure modes and their
combination to derive the subsystem 1 Markov
model in the electromagnetic section.

Step 3: Determining the Markov models of MCR
external components including bushings and MCR
control system according to the failure modes and
their combination to derive the subsystem 2 Markov
model in the electromagnetic section.
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Step 4: Combining the Markov model of
subsystems 1 and 2 to derive the electromagnetic
section Markov model.

Step 5: Combining the Markov model of core
magnetization and electromagnetic sections to
derive the MCR Markov model.

Step 6: Determining the Markov model of fixed
capacitor bank according to its failure modes and
combining the Markov model of FC and MCR to
derive the FC-MCR reliability model.

Step 7: Applying the impact of environmental
conditions on the performance of FC-MCR
components according to the MIL-217F standard
[22] and determining reliability value in various
operational modes and environmental scenarios.

The modeling process and calculated parameters
in each step are presented in Fig. 2, and the details
are presented below. In this regard, it is assumed that
all of the components are non-redundant and have
two operation states in service (UP) and out of
service (DN), except for the reactor windings that
can have the derated (DR) state.

A) The Proposed Reliability Model for MCR
Core Magnetization Section

As mentioned in Section 1.2, CMS consists of
Rec., ThCS, and MCRCS, so if one of the
components fails, all the CMS and then MCR will
be removed from the service. This means CMS
components are in series from a reliability point of
view. Accordingly, the equivalent failure and repair
rates for CMS are calculated by (1) and (2), and the
Markov model shown in Fig. 3 is determined for this
part of the reactor.

Aocms = AMcres + Arec + Arhcs ()

Hems = (Amcres + Arec + Arhcs ) %

-1
(iMCRCS N Arec N Arhcs ] 2
HMCRCS  Hrec  HThCs

B) The proposed Reliability Model for the
MCR Electro-Magnetic Section

In this section, to avoid the Markov Model
complexity and equations governing it, the EMS is
separately modeled in the form of two subsystemsl
(SS1) and 2 (SS2), and by combining their models
based on the frequency/duration technique [9], the
EMS final Markov model is determined. In this
classification, the SS1 contains active components
such as windings, iron core, insulation fluid, and
SS2 contains passive components such as bushings
and WCS.

A CMS
CMS P cMs
161 T > DN
'L IC‘\[S
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Fig. 2.  Proposed model for core magnetization section (CMS).

Reliability Modeling of Subsystem 1:In this
subsystem, MCR derated or out-of-service states can
occur due to the windings failure. According to SVC
loading conditions, by reducing the compensation
load to about 20-50 percent of rated power in this
case, the MCR can remain in service [19-20]. In this
paper, the state in which SVC failure leads to
limiting the available capacity for reactive power
compensation is called the derated state.
Accordingly, the reliability model of MCR windings
includes three states of in-service (UP), derated
(DR), and out-of-service (DN) as presented in Fig.
4(a). For SS1 other components reliability
modeling, it is assumed that the iron core has two
states, i.e. UP and DN, and that both oil and its tank
are considered as one component. Here, these
components will be modeled in the form of a set
called CTO. Since the failure of each of these
components can fail SS1, the equivalent failure and
repair rates for CTO are calculated by (3) and (4),
and the two-state Markov model shown in Fig. 4(b)
is determined for this part of the SS1.

After determining the windings and CTO set
Markov model, we can achieve the reliability model
of SS1 by combining the models presented in Figs.
4(a) and 4(b). The final Markov model of SS1 is
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shown in Fig. 4(c). A remarkable point in Fig. 4(c)
is the transfer from state C to D. In this model, when
the windings are in a derated state (state C), failure
in each of the other components causes the SS1 to
be removed from service (state D). In this situation,
since the SS1 is completely out-of-service, the
repairing actions on the windings are similar to the
state in which windings have removed this
subsystem from the service. The SS1 Markov model
can be reduced by using (5) — (15) as shown in Fig.
4(d). In this model, States 1, 2, and 3 represent the
full, zero, and derated capacity of SS1, respectively.

Acto =“core + A g0 ©)
A Py -1 @
teto = (eore + 4 20 )[ﬂ"rﬂj
Heore  Hr &0
Pp=Pp ®)
P2 = PB + PE "rPD (6)
Py=FRc )

Where P1, P2 and P; are the probabilities of UP,
DN, and DR states for the simplified Markov model
of SS1, respectively. Accordingly, in Fig. 4(d), the
transfer frequency between states can be calculated
by (8) — (11) and its equivalent repair and failure
rates by (12) — (15).
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Fig. 3. The FC-MCR Reliability Modeling Process.
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Reliability Modeling of Subsystem2:Since the
bushings failure results in an insulation breakdown,

in the reliability modeling of SS2, two states are
considered for HV bushings, UP and DN. In
addition, it is assumed that the MCR used the natural
circulation of oil and the natural circulation of air to
cooling the windings. Accordingly, the WCS can be
modeled by two UP and DN states. Therefore, using
the forced cooling methods for reactor windings can
also add a derated state to its Markov model.
Because the operation of SS2 depends on both its
components being healthy, the two-state Markov
model shown in Fig. 5 is proposed for this
subsystem by using the following equations.

Ass2 =Avcs +Bsh (16)
-1
A
Hss2 = (Avcs +ﬂBsh){M+B—ShJ an
'L‘NCS /UBSh
/1332
SS2 > $S2
1T > = DN

552
Fig. 5.  The proposed Markov model for SS2.

Combining the Subsystems 1 and 2:In this section,
the proposed Markov models for SS1 and SS2 in the
EMS are combined and the result is presented in Fig.
6(a). Here, similar to Section 3.2.1, by merging the
corresponding DN  states based on the
frequency/duration technique concepts, the EMS
reduced Markov model can be extracted by using
(18) — (21) as shown in Fig. 6(b). It is obvious that
when using the common equations to simplify the
Markov model in Fig. 6(a), the numerical values of
the probabilities and frequencies between the system
states will be different from those calculated in
Section 2.2.1 due to the difference in the base
Markov model parameters.

Aems = Ass1 + Ass2 (18)
A2ems = Ao—ss1 t+ Ass2 (19)
_ec1P
MEms = % =M_ss1 (20)
A
H_ss1Pg + Hsso P,
Lgns = 1-ss1FB ss2FE @1
Ps +Pc +Pp

A) Combining EMS and CMS Markov models

In this section, to reliability modeling of MCR, the
Markov models presented in Figs. 3 and 6(b) are
combined and the result is presented in Fig. 7(a). In
this regard, it may be claimed that when EMS
operates in derated state, failure in CMS causes the
MCR to be completely removed from service. In this
condition, because the MCR is out of service, the
repairing actions on the EMS is similar to the state
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in which the EMS have been removed MCR from
service. By merging the corresponding DN states in
Fig. 7(a), the MCR Markov model can be reduced
by using (22) — (25) as shown in Fig. 7(b). In this
model, States 1, 2, and 3 represent the full, zero, and
derated capacity of MCR, respectively.

_ *ems Pa +4cms Pa

AMCR

Pa (22)
= Aems +Acms
Ao rcR = Aems Pe +7ems Pe
B Pe (23)
= AhEems +4cms
P
M_McrR = % = MEwms (24)
A
Lems Ps + tioms Pe
= 25
HMCR Py + P + Py (25)

A) Combining FC and MCR Markov models

In this section, to determine the final Markov
model for the FC-MCR, the MCR and FC Markov
models are combined. In this regard, for a fixed
capacitor whose type is usually AC with mica
insulation, two UP and DN states are considered.
Accordingly, a combination of the FC two-state and
MCR three-state Markov models is shown in Fig. 8.
In this model, state A indicates the condition where
two components are healthy and SVC can have a
reactive power exchange with the network in the
nominal range. Failure occurring in FC converts
SVC into a variable reactor and eliminates the
ability to inject reactive power into the network.
These conditions are modeled by states D and E in
the Markov representation of Fig. 8 so that the
reactive power absorption capability from the
network in state D is equal to that of the MCR rated
capacity and in state E, it is about 50-80 present of
this value because of derated state of the reactor
windings. This fact is visible in SVC V-I
characteristics in Fig. 9 [21]. Similarly, the failures
resulting in the MCR derated state can reduce the
reactive power absorption capacity from the
network and limit the SVC performance to
compensate for possible over-voltages. Therefore,
the failures that cause the MCR to be removed from
service will convert SVC into a fixed capacitor bank,
in which there will be no reactive power absorption
capability in addition to the lack of continuous
control of reactive power exchanged with the
network. These conditions are modeled in FC-MCR
Markov representation with states B and C,
respectively. Here, each of states D, C, B, and E in
Fig. 8 represents a derated state for FC-MCR and
their occurrence can lead to the limitation of reactive
power compensation. The FC failure before
repairing the MCR or MCR failure before repairing
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the FC can lead to the SVC being completely
removed from service (state F).

/1551
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Fig. 6.  Proposed Markov model for EMS (a), reduced Markov
model for EMS (b).
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Fig. 7. Proposed Markov model for MCR (a), reduced Markov
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Fig. 9. The FC-MCR type of the SVC V-I characteristic [16].

3. Effect of Environmental Conditions on FC-
MCR Reliability Indices

Since ambient temperature varies considerably
in different areas and operating conditions, thermal
management can be one of the important factors
affecting the electrical equipment failure rate. In this
regard, the effect of environmental conditions on the
reliability indices of a power transformer has been
evaluated in [19] based on the MIL-217F standard
[22] and the results have shown that temperature rise
can significantly reduce the availability of the
system. Several thermal models have been presented
in the literature to represent the effect of temperature
on the electronic component failure rate [23-24].
Some literature has examined the component failure
rate change of power electronics converters based
on the MIL-217F standard [24]. However, the effect
of temperature and operating conditions on the
reliability of reactive power compensator has not
been taken into account so far. Hence, in this section,
the effect of temperature variations will be evaluated
on the FC-MCR main components failure rate.

B) Failure Rate of TCR

Based on the MIL-217F standard, the failure rate
of each thyristor in the rectifier structure can be
represented as a function of the operating
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conditions, environmental factors, and construction
quality calculated as follows:

failure
Aen = Ao Th B Th 7iQ TTE TTs
© 10%hr

The process of calculating the coefficients is
presented in [19] and [22], and since the contents of
this section are concentrated around the effect of
temperature on the component failure rate, the
numerical values of these factors are all considered
to be one. In addition, m;_p, is called the
temperature factor in this section and can be
calculated as follows:

(26)

1925x (—
298
Tt th =EXP 1 @)

- )
(TA + Hja 'Ploss ) -273

C) Failure Rate of MCR Windings

MCR windings are affected by the combination
of electrical, thermal, and mechanical stresses
throughout their lifetime. To represent the effect of
temperature on windings failure rate, in addition to
the operating temperature, the temperature variation
rate relative to normal conditions (27°C) should be
considered [22]. Hence, the failure rate of reactor
windings under various temperature conditions can
be calculated as a function of base failure rate, and
base failure rate can be calculated as a function of
temperature variations and winding parameters as
follows:

failure
Awinding = “b-wd Q e s W (28)
Ths +273)
ﬂbJWd 200015>< T (29)

Equations (28) — (30) are presented for the
reactor with the assumption of an H insulation class
(180°C max operating temperature). Based on the
Markov model proposed for MCR, Equations (28) —
(30) can be used to represent the effect of
temperature on the failure rate of windings from
state UP to DR, state DR to DN, and state UP to DN.

D) Failure Rate of ThCS

The ThCS is usually composed of a heat
exchanger, interconnecting pipes, and a circulation
pump that performs heat transfer by circulating
water inside the heat sinks. Since the highest failure
probability in ThCS is related to the circulation
pump (including an induction motor), in this section,
the effect of temperature is only examined for the
failure rate of this equipment. Temperature
variations in addition to their effect on the failure
rate of electrical parts such as windings, can also
lead to a change in the failure rate of mechanical
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parts such as bearings [22]. Hence, the circulation
pump failure rate is calculated as follows:

failure
A = A T T JT (31)
hes = Ab-Thes g TE 7Ts 10°hr
Where:
t2 1
b hes :{_3+_}<106 (32)
OlB qN
2357
—1.83J 33
a, :10[TA+273 (33)
-1
{' 257 ] .
oy =100 TAYRIL (34)

[ 4500 ]
100 TA*?B) 300

E) Failure Rate of MCRCS

Considering the MCRCS main components,
hardware and software relationship requires detailed
information about the control system components
for representing the effect of temperature. Here, due
to the lack of access to credible reliability
parameters of the control system components, the
most sensitive component to temperature variation
(local microprocessor) is considered as a MCRCS
model, and the effect of temperature on its failure
rate is represented as follows:

Acres = A-mcres X
failure (35)

7T —MCRCs 7Q 7Tk 7Ts

108hr
Where:
. o 025
T-MCRCS 8.617x10™°
oty
208 T, 273

F) Failure Rate of Insulation Fluid and HV
Bushings

Every 10°C rise in temperature relative to a base
value of 90°C can result in insulation aging and
halving the useful life of the insulation fluid and
bushings [20]. In this case, the calculation of failure
rates for oil and bushings under various temperature
conditions are similar to those of the previous
sections; the numerical value of the temperature
factor for the expression of the effect of
temperatures above 90°C on these components
failure rate is calculated as follows:

B —

P _ 2 _gBr(Wm)-ar2)
A4

Where B+ can be determined using the half-life

rule for each 10°C rise of insulation temperature

above 90°C by the following equation.

@7
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Ln(¥/2)

= (38)

S m)-am)

G) Failure Rate of Fix Capacitors

Fixed capacitor banks used in the SVC structure
are affected by voltage fluctuations, transient waves,
and operating temperatures throughout their lifetime
[22]. Hence, in addition to increasing the FC failure
rate, temperature variations can also change their
capacity. Accordingly, depending on their type,
changes in the FC failure rate can be specified as a
function of operating conditions; their temperature
factor is calculated as follows:

0.15
—75x
8.617 x10
o1
298 T, +273

7T _pc = €XP (39)

)

4. Simulation Results and Numerical Studies

In this paper, all simulations and calculations
were conducted using the MATLAB 2022-b
software. To analysis the proposed model for the
FC-MCR, the sensitivity of each state in Markov
representation to changes in component reliability
data is determined in this section. The purpose of
this analysis is to prioritize the FC-MCR main
components  from  the effectson  availability
point of view at various temperatures. In this regard,
the numerical data at 27°C are shown in Table 1, and
the calculated parameters for the FC-MCR Markov
model are presented in Table 2. Since the sensitivity
determination of each state in the Markov model
shows the effect of input parameters variation on the
probability of the occurrence of that state,
calculating A/u index for each component allows
the possibility of examining the effect of that
component on FC-MCR availability. Accordingly,
the component with the largest A/p index has the
greatest effect on reducing the availability of FC-
MCR compared to other components. The results of
calculating A/p index for FC-MCR at various
operating temperatures are presented in Table 3. As
can be seen, FC-MCR availability at 27°C was
0.9943 and in this condition, the MCRCS and WCS
had the largest and smallest A/u index compared to
other components, respectively. This means that
decreasing the failure rate or increasing the repair
rate of MCRCS could have the greatest effect on
increasing the FC-MCR availability.

A) Sensitivity Analysis to components failure
and repair rates

In this section, for investigating the effect of
each component on FC-MCR availability at 27°C,
the effect of component failure and repair rate
change on the operating state probability has been
examined. In this regard, each component failure
and repair rate has been changed independently for
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a certain range to specify the effect of component
failure and repair rates on the FC-MCR operating
state probability. As shown in Figs. 10 and 11, under
normal conditions, variation of the MCRCS failure
and repair rates will have the greatest effect on the
probability of operating states. This fact is also
visible in Table 3 showing that under normal
conditions, investment in the MCRCS can have the
greatest effect on FC-MCR reliability enhancement.

B) Sensitivity Analysis to Temperature
Variations

In this section, the effect of operating
temperature on failure rate and availability of FC-
MCR components has been evaluated. As seen in
Fig. 12(a), temperature rise led to a relative increase
in the failure rate of all FC-MCR components.
results presented in Fig. 12 also shows MCRCS at
the operating temperatures below 60°C; the ThCS at
the operating temperatures ranging from 60°C to
120°C; and the reactor windings at the operating
temperatures above 120°C have the greatest
variation in failure rate compared to other
components. On the other hand, components A/p
index variations brought about due to temperature
variations in Fig. 12(b) show that at operating
temperatures below 45°C, MCRCS has the largest
AMu index. Therefore, in this temperature range,
MCRCS can have the greatest effect on the FC-
MCR availability. However, the operating
temperature rise more than 60°C has a significant
increase in the windings A/u index in the EMS and
then the ThCS in the CMS. Accordingly, when the
operating temperature is above 60°C, the reactor
windings can have the greatest effect on FC-MCR
availability compared to other components. Hence,
increasing the repair rate or reducing the failure rate
of windings has the greatest effect on increasing the
FC-MCR reliability and availability. This fact seen
in the numerical results in Table 3 also shows the
importance of considering the effect of operating
temperature on reliability evaluation and preventive
maintenance planning for reactive power sources in
power systems.

C) Comparison of FC-MCR and FC-TCR
from Reliability Point of View

In this section, MCR and TCR-based SVCs are
compared from reliability point of view. In this
comparison, the three-state Markov model
determined in [16] is considered as FC-TCR
reliability model. Since FC-TCR cannot directly be
connected to the HV network at high voltage levels,
its reliability model combines with the three-state
Markov model of a power transformer. In reliability
modeling of interface transformer, it is assumed that
the transformer has a subsystem including active
components (windings, core, oil and its tank) and a
subsystem including passive components (bushings
and winding cooling system).

Table.1.
The FC-MCR component reliability parameters.
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Components A (fyr) u (Ryr)
MCRCS [16] 0.3121 154.75
Thyristor switches [16] 0.0361 100
ThCS [22] 0.8238 100
Core [20] 0.0005 19
Oil & Tank [20] 0.0030 23
Windings (Awg) [20] 0.0045 100
Windings (Auu) [20] 0.0030 -
Windings (Aaw) [20] 0.0450 -
WCS [20] 0.0010 121.67
HV bushings [20] 0.0030 182.50
Table.2.
The FC-MCR Markov model failure and repair rates at 27°C.
Value Value
Parameters Parameters
(occlyr) (occlyr)

AcMs 0.4907 HEMS 8.3189
UCMS 129.03 AMCR 0.5037
AEMs 0.0120 A1-MCR 0.0002
A1-EMS 0.0002 A2-MCR 0.5432
A2-EMS 0.0525 JMCR 95.437
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Table 3.

Numerical results of temperature effect on the FC-MCR reliability indices.
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Operating temperatures

27°C 50°C 75°C 100°C 125°C 150°C
8 FC 0.0001173 0.0001774 0.0002613 0.0003654 0.0004898 0.0006343
E MCRCS 0.0019908 0.0026221 0.0033943 0.0042445 0.0051604 0.0061312
£ wd 0.0012328 0.0041241 0.0153229 0.0569315 0.2115226 0.7859162
§ Rec. 0.0009627 0.0014455 0.0021221 0.0029665 0.0039835 0.0051736
E ThCS 0.0008237 0.0029873 0.0099888 0.0284098 0.0708588 0.1586355
= Bsh 0.0000164 0.0000164 0.0000164 0.0000274 0.0000851 0.0001426
i T&O 0.0001318 0.0001318 0.0001318 0.0002215 0.0006829 0.0011444
E) Core 0.0000274 0.0000274 0.0000274 0.0000274 0.0002741 0.0000273
Q©  wes 0.0000082 0.0000082 0.0000082 0.0000082 0.0000082 0.0000082
y  UP state probability 0.9944164 0.9879413 0.9682716 0.9116335 0.7669518 0.5012869
S DR state probability 0.0003688 0.0006563 0.0010450 0.0014308 0.0016441 0.0013872
DN state probability ~ 0.0052147 0.0114023 0.0306833 0.0869355 0.2314070 0.4973257
& UP state probability 0.9942997 0.9877660 0.9680186 0.9113005 0.7665763 0.5019692
= DR state probability 0.0056996 0.0122319 0.0319733 0.0886676 0.2333103 0.4977155
£ DN state probability ~ 0.0000006 0.0000020 0.0000080 0.0000317 0.0001133 0.0003152

Combining the FC-TCR and interface compensator be completely removed from the

transformer Markov models to achieve an SVC
equivalent to FC-MCR is shown in Fig. 13. In this
Markov representation, the power transformer is
considered as one of the SVC main components.
Therefore, the maximum compensation capacity is
available when all components are healthy, and the
failure of the FC-TCR or its interface transformer
causes the SVC to be completely removed from
service. Accordingly, in the proposed Markov
model shown in Fig. 13, State 1 represents the full
capacity; states 2, 4, and 5 represent the derated
capacity; and states 3, 6, 7, 8, and 9 represent the
zero capacity of FC-TCR.

The simulation results presented in Fig. 14
shows the FC-MCR availability at 27°C was 0.9943
which increased significantly compared to FC-TCR
availability (0.9688). In addition, the operating
temperature rise has shown that FC-MCR will have
less sensitivity to temperature variations compared
to its counterpart. Determining the numerical values
of 0.5019 and 0.3017 for the availability of these two
types of SVCs at 150°C shows that in addition to
normal operating conditions the use of FC-MCR at
higher temperatures can result in higher reliability
and availability for the power system compared to
FC-TCR. On the other hand, in Fig. 14, the
variations in DR and DN states probability show that
with a rise in temperature, the probability of
occurrence of DR and DN states for FC-MCR is
higher and lower than the corresponding values for
FC-TCR, respectively. This fact that confirms the
superiority of FC-MCR performance at high
temperatures, also suggests that failure in FC-MCR
components can more likely limit the compensation
capacity. Therefore, under similar conditions, FC-
TCR components failure probability that causes this

service is more than the derated state probability.

30 T

)
a

N
=}

Components Failure rate (F/yr)
5 &

Components J/p index

20 40 60 80 100 120 140 160
Operating Temperature (°C) (b)

Fig. 12. Effect of operating temperature on components failure
rate (a) and A/p index (b).
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Fig. 13. Proposed Markov model for the FC-TCR and its
interface transformer.
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Fig. 14. Performance comparison of TCR- and MCR-based
SVCs in various operating conditions.

5. Conclusion and Future Direction

This paper proposed a comprehensive model for
the reliability evaluation of the FC-MCR using the
Markov process approach. In this regard, first, the
Markov model of the main components is extracted
and next, the extracted models are combined based
on the frequency/duration technique. Since thermal
management is one of the important aspects in
evaluating the electrical equipment reliability in the
proposed model, the effect of temperature variations
is considered based on the MIL-217F standard with
its simulation results presented for various
temperatures. The simulation results and sensitivity
analysis performed on the variation of Markov
model parameters at different temperatures have
shown that under various temperature conditions,
different components affect the FC-MCR
availability. So, measures needed for SVC reliability
enhancement can vary at different temperatures.
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Future works can be concentrated on applying
this model in the reliability evaluation of a test
system to consider the effect of SVC operating
temperature and reliability parameters on the
reliability indices of the whole system. In this paper,
only the effect of operating temperature (as the most
effective environmental factor) is considered in FC-
MCR reliability modeling. Meanwhile, in future
works, studying the effect of other environmental
factors such as air pressure and relative humidity can
bring valuable results in FC-MCR reliability
parameters.

Nomenclature:

UpmcReS The repair rate for MCR control system [R/yr]

Awd The failure rate of windings from UP to DN [F/yr]
AMwa The failure rate of windings from UP to DR [F/yr]
Aawa The failure rate of windings from DR to DN [F/yr]
Uwd The repair rate of windings from DN to UP [R/yr]
Acro The equivalent failure rate for CTO set [F/yr]

Assi The failure rate of sub-system i from UP to DN [F/yr]
A1-ssi The failure rate of sub-system i from UP to DR [F/yr]
Aa—ssi The failure rate of sub-system i from DR to DN [F/yr]
Ussi The repair rate of sub-system i from DN to UP [R/yr]
Aems The failure rate of EMS from UP to DN [F/yr]

M—Eums The failure rate of EMS from UP to DR [F/yr]
A2—EMS The failure rate of EMS from DR to DN [F/yr]

UEMS The repair rate of EMS from DN to UP [R/yr]

AMcr The failure rate of MCR from UP to DN [F/yr]
M-mcr The failure rate of MCR from UP to DR [F/yr]
Aa—mcr The failure rate of MCR from DR to DN [F/yr]
Ab_Th The failure rate for thyristor switches at 27°C [F/yr]
Ap—mcres ~ The failure rate of MCR control system at 27°C [F/yr]
Tr_mcres  1emperature factor for MCR control system
Mrc-TcR The failure rate of FC-TCR from UP to DR [F/yr]
Asrc—TCR The failure rate of FC-TCR from DR to DN [F/yr]
U2rC—TCR The repair rate of FC-TCR from DN to DR [R/yr]
U1FC—TCR The repair rate of FC-TCR from DR to UP [R/yr]
ATrans The failure rate of transformer from UP to DN [F/yr]
M-Trans The failure rate of transformer from UP to DR [F/yr]
Aa—Trans The failure rate of transformer from DR to DN [F/yr]
UTrans The repair rate of transformer from DN to UP [R/yr]
UmcR The repair rate of MCR from DN to UP [R/yr]
Lifetime characteristics of the pump bearings as a
function of temperature

Lifetime characteristics of the pump windings as a
function of temperature

Acms The failure rate for CMS [F/yr]

ap

Ay

Arnes The failure rate of thyristors cooling [F/yr]
HUrhes The repair rate of thyristor cooling [R/yr]
Ucro The equivalent repair rate for CTO set [R/yr]

Arnes The failure rate of thyristors cooling [F/yr]

UThes The repair rate of thyristor cooling [R/yr]

Argo The failure rate of oil and its tank [F/yr]

UTgo The repair rate of oil and its tank [R/yr]

Awes The failure rate of windings cooling [F/yr]

Uwes The repair rate of windings cooling [R/yr]

Arec The failure rate of rectifier [F/yr]

Urec The repair rate of rectifier [R/yr]

Acore The failure rate of iron core [F/yr]

Ucore The repair rate of iron core [R/yr]

Agsh The failure rate of HV bushings [F/yr]

Upsh The repair rate of HV bushings [R/yr]

Ab—wd The failure rate for windings at 27°C [F/yr]

g Electrical stress factor

Mg Environment factor

o The quality factor

Ty Operating temperature [°C]

Tr—wa Temperature factor for windings

Tr_Bsh Temperature factor for HV bushings

Tr_pc Temperature factor for fixed capacitor (FC)

Oja Thermal resistance

Pioss Switches losses [W]

Tru The hot spot temperature [°C]

P; The probability of occurrence of state i




100
fij transfer frequency from state i to j
Tr_Th Temperature factor for thyristor switches
t The operating time of the circulation pump
AT Average temperature rise above ambient [°C]
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