Iranian Journal of Science & Technology, TransacBo Engineering, Vol. 32, No. B3, pp 223-234
Printed in The Islamic Republic of Iran, 2008
© Shiraz University

VALUED-BASED HVDC ENHANCEMENT ALTERNATIVE SELECTION
USING SYSTEM WELL-BEING ANALYSIS

C. H. K. CHU?Y, Z. LITIFU? *" AND B. KERMANSHAHI?

'Bell Laboratories, Advanced Network Reliability aBdcurity Assessment & Optimization
116 Persimmon Road, Holmdel, NJ 07733-3030, USA
2Department of Electrical and Electronics, Tokyo wémsity of Agriculture and Technology, 2-24-16, Maiachi,
Koganei-shi, Tokyo, Japan
% Statistics and Information Department of Xinjiangtitute of Finance and Economics
No. 15 South Beijing Road, Urumgi, Xinjiang, CHINA
Email: bahman@cc.tuat.ac.jp

Abstract— This paper presents a valued-based approachect sgistem enhancement alternatives
based on the proposed system well-being analyskeigue. The technique is used to rank the
various system enhancement alternatives for anirgislVDC system. The system health states
are classified according to three operating stat@sely, healthy, marginal and at risk. The
reliability health indices with various improvemepptions are calculated for the HVDC
transmission. The reliability health indices arerttrecalculated by including the outages of the
generation. The options are then ranked accorditigeir reliability benefits and their costs.
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1. INTRODUCTION

HVDC system is generally used to:transmit elecfrisver generation from a remote area to a more
densely populated center. Due‘to the complexity Emd) distance involved, HVDC systems were
designed with high availability:Historical stditts have shown that the availability of most of thvDC
systems in operation is well.over 90%. This cotlolwever, be further improved by reducing the failu
rate and mean time to repair.the equipment assaciaith such DC systems, by installing spare
equipment such as spare converter transformersegouding the restoration time etc..

The worldwide increased usage of the HVDC trandomssystem as a result of advances in HVDC
technology, has prompted increasing needs for HMWelability evaluation techniques [1]. These
techniques include: (1) independent analysis ofviddal sub-systems such as the rectifier/inverter
subsystem, the transmission line and pole equipmeinsystem and the AC filters subsystem etc., (2)
contingency enumeration technique, (3) failure nsoaled effects analysis of the operational behasfior
the HVDC system based on the event tree and mintoaset approach. Various approaches were also
proposed to evaluate the reliability of a compogitever system including HVDC links. Value-based
techniques that include both cost and benefit ladse been proposed in the reliability analysis ¥THC
systems.

HVDC reliability is generally expressed as the m@tobty of the system to perform its intended
function. The complement of this is called systesk and is defined as the probability that the exyst
will fail to perform its basic design purpose. ®ystdesigners and planners usually apply probabilist
techniques to design a HVDC system for an acceptatk. A single numerical risk index such as the
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loss of load expectation, however, is often diffido interpret and understand. This difficultynche
alleviated by including deterministic criteria intbe probabilistic evaluation and by additional ided
such as the HVDC transmission well-being indicgs [2

As the demand in the system grows, and more $tatiste collected on the real-life performance of
the network components within the HVDC system, atdimes necessary to enhance the system using
various means. This paper addresses the issuofisg the appropriate enhancement options taikitoy
account their effects on the system reliabilityd &he cost to the utility. A valued-based approasimg
the system well-being indices was used to evalttaereliability of the HVDC system and make the
decision on enhancement selection.
The system under study transmits its generatiom ftbe major generation sites in the north to the
populated areas in the south through two HVDC trassion lines. These transmission lines are
approximately 600 miles in length and are on thmesaght-of-way. The northern power generation was
approximately 55% of the total system generatioth @il be increased to approximately 70% after the
addition of another generation station up northe HVDC system therefore has become increasingly
important in the economic growth and developmentefprovince’s electric system. The actual HVDC
operating data, including the reliability data, evenodified before being used in this study.

2. HVDC TRANSMISSION WELL-BEING (HEALTH) FRAMEWORK

The concept of system well-being or system heattiniines deterministic criteria with probabilistic
indices to monitor the system well-being. In these@f a power system, the system is classified into
several operating states. These operating statesh@sed on an EPRI report entitled “Compositeeyst
Reliability Evaluation: Phase 1 - Scoping StudyL %290) [3]. This report provides a framework foet
system operating states and associated definitiased on a composite system. This framework was
introduced to evaluate the overall power systenfopmances in terms of the degree to which religpbili
constraints are satisfied.

Similarly, the operation of a HVDC system can hesslfied into different operating states designated
as normal, alert, restorative, emergency and edremergency states as shown in Fig. la. This
framework was examined.and. redefined by Billintbraleto formulate the concept of system well-being
[4, 5]. The states, normal, alert and emergencyexir@me emergency, are regrouped into three apgrat
states namely, healthy, marginal and at risk staggectively as shown in Fig. 1b. This framewoaks h
been successfully applied to generation systemuatiah, composite system including HVDC
transmission, and spinning reserve evaluation diclloperating constraints.

— Normal — Healthy
Restorative —®»  Alter Marginal
= Extreme <¢— Emergency At risk —
Emergency
Fig. 1la. Systemmgpiag states Fig. 1b. System well being state

Iranian Journal of Science & Technology, Volume 3Rumber B3 June 2008



Valued-based HVDC enhancement alternative selection 22t

a) System healthy, marginal and at risk states

The basic technique evaluates the various conditianich limit the load carrying capability of a
HVDC transmission. The healthy state of the HVDCdéfined as the state under which the HVDC
transmission system has the ability to transfergheeration to the load point without overloadimy a
equipment or violating any operating criteria. ttis state, there is a sufficient margin or sparehghat
the loss of any single element will not result ivi@ation of operating limits. The marginal stéesimilar
to the healthy state except that there is no losgéficient margin to withstand certain single et
outages. The system can be transferred from thkhliestate to the marginal state by the outage of
equipment or change in the operating conditiongia versa by providing system improvement such as
component spares.

b) HVDC reliability diagram

A reliability diagram for the HVDC system is shownFig. 2a. or Fig. 2b. This diagram represents
the functions of the HVDC components, rather thlagirtactual physical connections. The HVDC is
composed of three major parts namely, Valve Grolmdes and Bipoles. The Valve Groups section
includes all the valve groups and the convertarsfiarmers. The Pole section includes the polecstati
smoothing reactors and the transmission lines.Bipele section includes all other outages that fioage
the bipole into the “down” state. These may bpping-due to other AC generations or errors in AC &
DC ground switching etc. All other component outagecluding the controlling device outage are
embedded in the component outage. Bipole 1 consis&x valve groups each with two converter
transformers. These valve groups were solid-sthtgigtor valves. There are four smoothing reachors
each pole. Bipole 2 consists of four Thyristor. ealyroups each with four converter transformers.r&he
are 2 smoothing reactors in each pole. Spare c@mnteansformers and smoothing reactors are sébeédu
for both Bipole 1 and Bipole 2. Bipoles 1 and 2 é&alve capability to operate in parallel when eithér
line is out of service.

Common mode outages are'modeled by a functionakhlo series with the network model. Both
Bipoles 1 and 2 will be disconnected under commoxeroutage situation. The forced outage rate fr th
common mode outages is calculated based on theediney and possible repair duration determined by
the Transmission Line Design Department statistiikected for the HVYDC system.

Valve groups

Converter
transformers
I% Poles

O Q) o
SN U E—

Fig. 2a. HVDC reliability diagram
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Valve groups

Converter
transformers

® (Y e
[

Common Mode Block

Fig. 2b. HVDC reliability diagram (including commanode failures)

¢) HVDC system health performance indices

In order to reduce the number of possible continigen the well-being indices for the HVDC transnass
system were calculated using a hybrid approachhwhtidized the principle of series and parallel uetibn
techniques. The risk state probabiligy, is determined:by summing the probabilities fdrthé states that
result in a violation of the criteria or operatitignits. The healthy state probability,, is calculated by
selecting the contingencies related to the heathie according to the healthy state definitiome Targinal
state probabilityPy,,, can then be determined by the following relatiopms

Pn=1-(R,+R) 1)

Figure 3 shows the well-being area diagram of a BMEansmission system. This diagram helps to glarif
the concept of system well-being. Up to two siemdtous HYDC component outages are considered. The
probability of having three or more simultaneous@/element outages is very small and is includettiénat
risk state because when thisthappens, the systémaest likely be in the at risk state. The diagrahows the
three state probabilities of all the possible sysiontingencies. For a given load level, the prdiiais
associated with the healthy, marginal and rislestaain be determined.

The area under the system healthy curve is defazethe system healthy area. The expected system
healthy areaF, can be determined by performing integration o& $gstem healthy curve. Similarly, the
expected marginal and risk areBg,andE,, can be evaluated by the following equations:

L max

En= [H()dI 2
0
L max L max
En= [M()dl- [H()dI ©)
0 0
L max
Er:Lmax_ _[M(I)dl (4)
0

where L may stand for the maximum load.
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Fig. 3.System Well-Being results

Two performance indices, the expected total peréorce index(f3), and the expected healthy
performance indexs,), are defined to reflect the ability of the systamtransfer power. The expected
total performance index can be determined by adiiadiealthy area to the marginal area (areas ichwh
there is no violation of operation constraints otecia). and normalized by the maximum load asofol

[2]:

— (Eh b Em) - (Lmax B Er) =1- Er (5)

L L L

max max max

B,

The expected total performance index, however, do¢seflect the degree of health of the HVDC
system. As the equation indicates, it is calcdldt@sed oif, which reflects the risk area. This index does
not provide any information on the individual hégliand marginal areas and therefore does not provid
any information on the'degree of system well-beinthe system health of the HVDC system can be
represented by the expected-healthy performanexjfig given in Eq. (6):

Br=r"- (6)

3. STUDY RESULTS

Several options were available for the HVDC syswthancement; each of these will provide a different
level of reliability and costs. The six optionsathwere available are listed below and the resars
presented in Figs. 5a, 5b and 5c:

Case 1: Existing HVDC system (Base Case — withoytesahancement).

Case 2: Add parallel operation.

Case 3: Provide spares for the converter transfierared smoothing reactors.

Case 4: Add parallel operation and provide sparesdnverter transformers and smoothing reactors.
Case 5: Case 4 plus transferring 2 generating anttsthe AC system.

Case 6: Case 4 plus common mode Bipole outage.

o0k wbdE
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Table 1a and Table 1b show the results for allcaises. Case 6 is not an enhancement, as it deals
only with the impact of common mode outage to théDig system. However, transferring two generating
units onto the AC system, i.e. Case 5, can allevia adverse impact due to the common mode oofage
the Bipoles. Figure 4 shows the three system beilhg state probabilities for Case 1, and Figs.5ba,
and 5c show the system Healthy State Probabiliggie®n Marginal State Probability, and system &t ris
state probability of the HVDC system for all sixsea in graphical form.

Table 1a. System well-being indices for the HVD&hsmission system

Transfer Base Case with Parallel Operation with CT & SR Spares
Cap. (MW)| Healthy| Marginal Risk | Healthy Margingl Risk | Healthy Marging| Ris
4000 0 0.6979 0.3021 0 0.6984 0.301p 0 0.893f 0.1043
3750 0 0.6979 0.3021 0 0.6984 0.301p 0 0.893f 0.1043
3500 0 0.9315 0.0685 0 0.9324 0.067B 0 0.986[L 0.0139
3250 0 0.9385 0.0615 0 0.9391 0.060p 0 0.987p 0.0128
3000 0 0.9873 0.0127 0 0.988 0.014 0 0.9981 0.0019
2750 0 0.9873 0.0127 0 0.988 0.013 0 0.998]1 0.0019
2500 0 0.9906 0.0094 0 0.9919 0.008f 0 0.998b 0.0015
2250 0 0.9907 0.0093 0 0.9914 0.008p 0 0.998p 0.00}4
2000 0.6979 0.2939 0.0083 0.6984 0.293p 0.0042 0.8937 0.1048 0.00p4
1750 0.6979 0.2939 0.0083 0.6984 0.293p 0.0042 0.8937 0.1048 0.00p4
1500 0.9315 0.0603 0.0084 0.9322 0.059¢ 0.0041 0.9861 0.0136 0.00p4
1250 0.9315 0.0603 0.0084 0.9322 0.059y 0.0041 0.9861 0.0135 0.00p4
1000 0.9524 0.0394 0.0081 0.9531 0.038y 0.0041 0.9937 0.0049 0.00p4
750 0.9524 0.0394 0.0081f 0.9531 0.038} 0.0041 0.9937 0.0049 0.00p4
B: 0.9564 0.9568 0.9877
B 0.4716 0.4719 0.5145
Table 1b. System well-being indices for the HVDa@nsmission system (continued)
Transfer Spares & Parallel' Operation 2 Generating Units on AC with Common Mode Outages
Cap. (MW) Healthy| Marginal Risk | Healthy | Marginal Risk Healthy Margingl Risk
4000 0 0.8944 0.1056 0 0.8944 0.1056 0 0.705B 0.2942
3750 0 0.8944 0.1056 0 0.8944 0.1056 0 0.705B 0.2942
3500 0 0.9868 0.0132 0 0.9868 0.0132 0 0.931p 0.0698
3250 0 0.988 0.012 0 0.988 0.012 0 0.938% 0.061B
3000 0 0.9988 0.0012 0 0.9988 0.0012 0 0.987 0.01
2750 0 0.9988 0.0012 0 0.9988 0.0012 0 0.987 0.01
2500 0 0.9992 0.0008 0 0.9992 0.0008 0 0.990B 0.0097
2250 0 0.9993 0.0007 0 0.9993 0.0007 0 0.990p 0.0096
2000 0.8944 0.1052 0.0004 0.8944 0.1052 0.0004 0 0.9914 0.00$6
1750 0.8944 0.1052 0.0004 0.8944 0.1052 0.0004 0 0.9914 0.00{36
1500 0.9868 0.0128 0.0004 0.9868 0.0128 0.0004 0 0.9915 0.00{35
1250 0.9868 0.0128 0.0004 0.9868 0.0128 0.0004 0 0.9915 0.00{35
1000 0.9944 0.0052 0.0004 0.9944 0.0052 0.0004 0 0.9915 0.00{35
750 0.9944 0.0052 0.0004 0.9944 0.0052 0.0004 0 0.9915 0.00$5
B 0.9881 0.9881 0.9569
B 0.5148 0.5148 0
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a) System well-being indices for the HVDC transni@s system

Figure 4 shows the system well-being indices fertvDC System for Case 1. The system operates
mainly in the healthy state when the transfer lisddw, 0 to 1500 MW. At this point, the systenalsle
to withstand an outage of any element in the systdthout any loss of load. As the load transfer
increases, the system health shifts from the healtite towards the marginal state. Although tretesy
at this point continues to transfer the load withay loss of load, it will no longer be able tathgtand
the outage of a certain component in the systems.thA load increases above 2000 MW, the system can
no longer operate under system healthy state alhdbevoperating mainly in the marginal state origk
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state. As the load increases above 3500 MW, thgin® index starts to decrease and the risk index
increases because more contingencies are movedtieomarginal states into the at risk states.

Since the system well-being indices represent thbabilities of the HVDC system performing its
function at various load transfer levels, unlike tbss of load expectation which does not indichte
severity of the outages, the reduction or improveme the load transfer capability is shown. Itcals
shows the comfort level under which the systenpisrating, i.e. it provides an indication of howsddo
the “at risk” state the system is operating. As libad increases, the system will be mostly opsgati
the “at risk” state.

Up to two simultaneous HVDC component outages aseraed in this study in order to reduce the
number of possible contingencies. The system ignasd to be operating in the “at risk” state when a
higher order of simultaneous outages occurs. Xpeated total performancg, of the HVDC is 0.9564
and the expected healthy performance inggx,is 0.4716. The complement of the total perforneanc
index reflects the risk of the system, and the etqukhealthy performance index reflects the degfee
system well-being and can be considered as valwaibdégia in HVYDC transmission system planning. In
order to select the best enhancement option fobdisé value, the impact of all the enhancemenbogti
were investigated and compared. A discussion igiged below.

b) Impact of system enhancements on the HVDC systegit-being indices

This section illustrates how system enhancemerts as providing spare converter transformers and
smoothing reactors improve the HVDC system heatith laow factors such as common mode outages
degrade the HVDC system health.

1. Impact of parallel operation on the HVYDC.systenwell-being indices:At the time the HVDC system
was designed, the capacity of the HVDC/lines wetecsed to withstand the total load transmissiothef
HVDC system. This design was selected in-ordeprtivide the ability for the bipoles to operate in
parallel in the event of a DC line failure. Talile and Table 1b, as well as Figs. 5a, 5b and ey #mat
having the ability to operate the ipoles in p&falh the event of a DC line failure improves tlystem
health slightly. Both probabilities of system hbgltand marginal states are increased. The effiect o
parallel operation is to reduce the down time efltipole DC line. Since the probability of havitng tDC

line outage is quite small’compared to other coreptssuch as the valve group and the transforimer, t
ability to parallel the DC lines in the event of DX line outage, therefore, does not improve the
performance indices significantly.

2. Impact of spares on the HVDC system well-beingndlices: The provision of spare converter
transformers and smoothing reactors for both Bpdlend 2 should improve the transfer capabilities
the bipoles. The spares reduce the forced outage od both components by approximately eight times
Table 1a and 1b, as well as Figs. 5a, 5b and Bfirgothis expectation.

Adding spare converter transformers and smootheagtors increases the probabilities of being in the
comfort zone and more contingencies which residaanginal states are shifted to the healthy stat¢s
load of 2000 MW, there is a close to 30% increasthe system healthy index. The expected totaémyst
performance index increases by 3.3%, and the exgédntalthy performance index, by about 9%.

The combined effect of having spares and paralpdration seems to be additive. The major
contribution of improvement comes from the sparesalbbse of the higher outage rates for the converter
transformers and the smoothing reactors.

3. Impact of transferring 2 generating units onto he AC on the system well-being indicesThe
transferring of 2 generating units onto the AC eystis not expected to have any direct effect on the
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transfer capability of the HVDC transmission. Tkeenoval of the generating units from the DC sysigm
assumed to affect only the total system generdatdre transferred through the HVDC to the south and
will not affect the operation of the HVYDC networlhe possibility of changes in reactive power suppo
on the HVDC system, as a result of transferringgdeerating unit onto the AC system, is not considle
in this study.

The transfer of generating units onto the AC vhlbwever, affect the HVDC system performance
indices when the outages of the generating unééansidered. This impact will be discussed iatarl
section.

4. Impact of common mode outages on the HVDC systewell-being indices:Since the DC lines for
both Bipoles 1 and 2 are on the same right of wlagy are both subject to the common mode outages
possibly caused by summer tornadoes or strong amadwinter ice storms. Although the probability of
having a common mode failure is small, the impslabwn from previous natural disaster history, can b
very severe.

Table 1a and 1b as well as Figure 5a, 5b and 5¢ #hat, while the common mode outage does not
increase the system risk index significantly duehi small probability. of occurrence, it does affée
system operating states significantly. When commauade outages are considered, the system is always
operating at the marginal state. This means thatsjfstem cannot tolerate any loss of elementsan th
HVDC system without loss of load even at very l@adlevel. It can be concluded that the load aagry
capability of the system decreases considerabljt@pessible common mode failures. Similar to thfat
the base case, the expected total system perfoenisc9569, but the system is no longer able tvaip
in the healthy state. This also demonstrates tkeahming the “loss of load” or the “at risk” stapaly is
insufficient, as the results do not show any:sigaift increase in the risk, and neither does iicate that
the system is now operating very close to disattee.

c) HVDC system well-being performance index incladigeneration outages

The function of this HVDC transmission system isd@iver the generation from the north to the
south where most of the population is located. pegformance of the system therefore is not only
dependent on the HVDC transmission system itsatfatso on the available generation to be delivéved
the south. All the study results so far reflect dlerall transmission capability of the HVDC transsion
system under all loading conditions and have ndtided the possible outages of the generating.units

The northern generation consists of a total of 380/ of generation installed in three main
locations. This study assumes up to four simultagegenerator outages since 99.99% of the possible
generation states will.be covered under this asstompThe probability of having five or more
simultaneous generator outages is very small artteiefore negligible. The result is a set of ollera
northern generation and HVDC transmission perfoaaandices as shown in Table 2.

Table 2. Summary of the northern generation and B\Mfansmission system well-being indices

Cases Healthy Marginal At risk NPV Cos Priority
Case 1: Base case 0 0.932¢ 0.067: 0 N/A
Case 2: Case 1 with parallel operation 0 0.9333 0.066" 0.t 4
Case 3: Case 1 with CT & SR spares 0 0.9842 0.013¢ 1 2
Case 4: Case 1with parallel operation & spares 0 6998 0.01: 1.t 3
Case 5: Case 4 with 2 generating units ontc 0 0.9887 0.011: 1.25 1
Case 6: Case 4 with common mode outages 0 0.9323 0.067" 25 N/A
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The HVDC system is always working under the marggtates. The improvements due to system
enhancements are reflected in the change in thginadustate probabilities. The effect of transfegriwo
generating units onto the AC system is now refetatethe system state indices since the analysiades
both generation and HVDC transmission outages. Atech previously, Case 6 is not a HVDC
enhancement, but reflects the negative impact winton mode failure on the HVDC system. The effect
of having Bipoles common mode outage is that itifired practically any HVYDC enhancement benefits
that are implemented. However, if two generatingsuare transferred onto the AC system, i.e. Casiees
effect is that the “at risk” state is significantigduced, i.e. from 0.0677 to 0.0113 and the matgitate
increases from 0.9323 to 0.9887. In other wordse( also provides a solution to alleviate theaichpf
common mode outages.

Table 2 summarizes the System well-being indicegéch case andits.associated NPV Capital and
Operating cost (normalized by the CT & SR spardsjoThe normalized NPV value for Case 6 was
calculated based on the total amount of damages¥sapeeded to be recovered from a severe tormedo t
happened previously. The preferred order of enhraané based on the .improvement to the system
reliability and the associated cost is shown inl@gh Cases 3-5 all.improve the marginal statemfro
about 0.93 to 0.98 (reduces the at risk state bysime amount); it would seem that Case 3 wouttide
best option as the normalized NPV cost is the lowdswever, as was mentioned previously, these
benefits would be nullified if a common mode outameurs. By adding a small amount of cost, the
system is also protected against the common modgewf the Bipoles. Case 5, though slightly higher
NPV cost, would therefore be the best choice anadngf these options.

The usefulness of the System well-being indices warfurther illustrated by looking at the results
without the generation outages. Some of.the filmodes may simply push the system states from
healthy to marginal and do not significantly afféw “at risk” state. This will not be reflected the loss
of load indices we usually calculate. As a restlie system well-being indices provide more relevant
reliability information for decision making by sgsh designers, planners, and management.

4. CONCLUSION

The increased utilization of HYDC transmission sys$é around the world has created the need for more
comprehensive procedures to evaluate the relialmfithis system. An approach proposed by Billingbn

al. is presented in this report. This technique eldethe conventional approaches to HVDC system

reliability evaluation. The overall system perfomua is classified into three operating states deseyl

as healthy, marginal and at risk. The load cagyapability of an HVDC transmission system can be

considered based-on the system healthy, margidahtarisk probabilities.

A hybrid approach is applied in this study to cidtel the well-being indices. A healthy performance
index is determined, reflecting the degree of systeell-being. The proposed technique was appliea to
HVDC transmission system and was also extendectade the northern generation. The results indicat
that the HVDC transmission system is constantlyrajreg under the marginal state. The system well-
being may be considerably improved by providingrepdor the converter transformers and smoothing
reactors and switching two generators onto the p&esn. This finding is consistent with our previous
analysis using loss of load expectation. The real#o show the adverse impact on the system welgb
of common mode outages. The possibility of commauenoutages pushes the system well-being of the
HVDC generation and transmission system closenéat risk state. The ability to switch two genieat
units from the northern generation system ontoAfiesystem helps to alleviate the severe impachef t
common mode Bipole outages.
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The conventional loss of load method provides m&ation on the risk of having loss of load. It does
not, however, indicate how close the system is d@iperated towards the loss of load situation. The
system well-being indices provide this additionaflormation. This technique has been applied in this
paper in conjunction with a value-based approacéeiacting the most appropriate HYDC enhancement
options.
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