UNIT- 4
CONVERTER FAULTS
There are three basic types of faults that can occur in converters as given below:
Faults due to malfunctions of valves and controllers.
Arc backs (or back fire) in mercury arc valves.
Arc through (fire through)
Misfire
Quenching (or) current extinction
Commutation failure in inverters.
Short circuits in a converter station.

Faults due to malfunctions of valves and controllers: 

Arc backs in mercury arc valves:
The arc back is the failure of the valve to block in the reverse direction and results in the temporary destruction of the rectifying property of the valve due to conduction in the reverse direction. This is a major fault in mercury arc valves and is of random nature. This is a nonself clearing fault and results in severe stresses on transformer windings as the incidence of arc backs is common.

Arc through:
This is a fault likely to occur mainly at the inverter station, where the valve voltages are positive most of the time (when they are not conducting).A malfunction in the gate pulse generator or the arrival of a spurious pulse can fire a valve which is not supposed to conduct, but it is forward biased.
 The arc throughs in thyristor valves can occur due to malfunction in the control system, the probability of which is very small. Anyway, the protection against persistent arc throughs is also through the converter differential protection scheme.

Misfire:
While an arc through is caused by the presence of an unwanted gate pulse, misfire occurs when the required gate pulse is missing and the incoming valve is unable to fire. The probability of the occurrence of misfire is very small in modern converter stations because of duplicated converter controls, monitoring and protective firing of valves.
While misfire occurs in rectifier or inverter stations, the effects are more severe in the latter case. This is due to fact that in inverters, persistent misfire leads to the average bridge voltage going to zero. While an AC voltage is injected into the link. This result in large current and voltage oscillations in the DC link as it presents a lightly damped oscillatory circuit viewed from the converter

Current Extinction:
The extinction of current can occur in a valve if the current through it falls below the holding current. This can arise at low values of the bridge currents when any transient can lead to current extinction. The current extinction can result in over voltages across the valve due to current chopping in an oscillatory circuit formed by the smoothing reactor and the DC line capacitance.
Commutation failure in inverters:

Because of the turnoff time requirements of thyristors, there is need to maintain a            minimum value of the extinction angle defined by
                                       
The overlap angle (u) is a function of the commutation voltage and the DC current or both can result in an increase in the overlap angle and reduction of  below min.This gives rise to commutation failure.

Short circuit in a converter stations:

The short circuit currents are significant only in rectifier bridges. The worst case is when the short circuit occurs at the instant of firing a valve at .Assuming that there is no inductance in series with the bridge, the peak short circuit current (ipeak) is given by 
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           Where id0 = the dc current at the instant of firing the valve and
                                             
                The bridge current id waveform is shown in below figure.






PROTECTION AGAINST OVERCURRENTS:
The overcurrent protection in converters is based on principles similar to those used in AC systems. The factors that must be considered in designing a protection system are 
Selectivity
Sensitivity
Reliability and
Backup
The main feature of converter protection is that it is possible to clear faults by fast controller action by blocking gate pulses or current regulation and control. The selectivity is also enhanced by high impedances of the smoothing reactor and the converter transformer. Further, the converters are divided into independent valve groups such that the protection system must able to switch off only the affected valve group. The protection system used for a pole is shown in fig(1). This does not show protection against DC line faults, undervoltage or transformer protection.
     
Where   OCP – Overcurrent protection
              VGP – Valve group protection
              PDP – Pole differential protection
 CB- Circuit breaker
Fig: Over current protection in a pole.
The basic protection against converter faults is provided by valve group differential protection which compares the rectified current on the valve side of converter transformer to the DC current measured on the line side of the smoothing reactor. The differential protection is employed because of its selectivity and fast detection.
The pole differential protection is used to detect ground faults which may not be otherwise detected, such as faults at the neutral bus.
The fault clearing action of these protection circuits is to block the valves and at the same time trip the AC breaker of the affected group or pole. The fast tripping sequence is used for internal faults where there is a danger of valve damage. The pulses are blocked after 20msec. This allows the inverter action at the rectifier station to try to reduce the current before the converter is blocked.
The faults producing overcurrent are classified into 3 categories:
Internal faults which cause high overcurrents but are very infrequent.
Line faults which cause overcurrents in the range of 2 to 3 p.u . There are limited by current control.
Commutation failures at inverters may be quite frequent. However, the overcurrents are small and limited by current control.
 OVERVOLTAGES IN A CONVERTER STATION:
The overvoltages in a converter station are caused by 
Disturbances originating on the AC side.
Disturbances originating on the DC side.
Internal faults in the converter.
The types of overvoltages, as in a AC system, can be classified into 3 categories: 
The switching overvoltages (with wavefront times of more than 100msec).
Temporary overvoltages (lasting few seconds)
Steep front overvoltages (with wavefront times in the range of 0.3 to 3msec).

DISTURBANCES ON THE AC SIDE:

The lightning strokes in the AC network cause steep fronted high overvoltages which are, however, reduced in magnitude and steepness by AC filters. After they pass through the converter transformer, they appear only as highly damped switching surges across the converter.
The initiation and clearing of the faults in the AC system result in switching surges and temporary overvoltages. The energization of a converter transformer can cause high (up to 1.6 p.u) overvoltage due to inrush magnetizing currents and last up to 100cycles. The voltage is also distorted due to even harmonics. This type of temporary overvoltage can cause severe stresses on the metal oxide surge arrestors due to excessive energy dissipation. Pre-insertion resistors in circuit breakers energizing the converter transformer are very effective in controlling these overvoltages.
The temporary overvoltages due to load rejection can be quite serious for converter stations connected to weak AC systems. The load rejection may be caused by blocking of the converters in response to the action of the protection system, which cannot be controlled by AVR (automatic voltage regulator) action. The only solution is to switchoff capacitor and filter banks.
DISTURBANCES ON THE DC SIDE:

The steep wave front surges in DC overhead lines are produced by lightning strokes. However when they reach the converter through the smoothing reactor they appear as switching surges.
The switching surges at the converter are also caused by ground faults.
The overvoltages can also arise from the oscillators of current and voltage in the line caused (due to commutation failure and other converter faults) or injection of AC voltages of fundamental frequency and second harmonic.

OVERVOLTAGE CAUSED BY INTERNAL CONVERTER DISTURBANCES:

Transient overvoltages of very steep front may result from internal converter faults such as a ground fault at the valve side of the smoothing reactor. The ground faults can also produce switching surge type over voltages.
For example, a fault between the valve bridge and the converter transformer. The firing of bypass pairs or closing of the bypass switch across one converter generates over voltages across the remaining converters.

SURGE ARRESTERS:

            In the initial stages of application of DC technology, DC surge arresters were not available and the valves were protected by the spark gaps connected across them. Later, with the development of active spark gaps, it was possible to extinguish the arrester current without exceeding the protective level and DC arresters were made of nonlinear resistors in series with active spark gaps.
          With the development of metal oxide resistors with high non linearity, the need for a series gap has disappeared and the present DC arresters are gap less arresters. The metal oxide elements were first applied in AC arresters in 1976. Comprising primarily of zinc oxide, but containing a number of other metal oxides (such as Bi2O3, Sb2O3, MnO2, and Cr2O3) as additives, the material has extremely nonlinear voltage current characteristics. A typical disc that conducts less than a milliampere of current at normal operating voltage can carry currents of thousands of amperes at twice the normal voltage. This property makes it possible to eliminate series connected spark gaps and reduce the voltage margins due to the consistency of protective levels. The volt ampere curve for a typical zinc oxide disc is shown in fig(1) for different levels of operating temperature.
            It is seen that temperature coefficient of the material is slightly negative at low currents, but becomes positive at currents above a few amperes. This makes it possible to operate the zinc oxide elements in parallel to discharge high energy surges. The long term stability of the material is satisfactory although it is influenced considerably by disc composition and processing.

Fig(1): volt ampere curve for a typical zinc oxide disc

PROTECTION AGAINST OVERVOLTAGES:

The basic principles of overvoltage protection is the same in DC systems as in AC systems. These are given below:
The overvoltage stresses in equipment with non self-restoring insulation must be limited at all times by providing surge arresters.
Self restoring insulation such as air may be allowed to breakdown where there is no danger.
The operation of surge arresters or flash over of air insulation must not be frequent. Frequent discharges of arresters may damage them.
There must be proper coordination of the insulation and overvoltage protection in different parts of the system.
    
The overvoltages generated on the AC side should, as far as possible, be limited by arresters on the AC side. The overvoltages generated on the DC side must be limited by DC line. DC bus and neutral bus arresters. The critical components such as valves are directly protected by arresters connected close to the components.



OVER VOLTAGE PROTECTION IN A CONVERTER STATION:

The typical arrangement of surge arresters in a converter station is shown in fig(1). For a system with two 12-pulse converters per pole, there are about 40 arresters per pole.



              Fig(1): Typical arrangement of surge arresters for a converter pole.

The arresters are selected with adequate energy dissipation capabilities which vary with location of arresters. For example, the valve arrester protecting the commutating group at the highest potential can be subjected to higher energies than other arresters when a ground fault occurs between the valve and the converter transformer in the upper bridge.
The closing of a bypass switch across a converter results in increasing the DC voltage across the remaining converter. The converter unit arrester is stressed in such cases.
   



SMOOTHING REACTORS:
The smoothing reactors have several functions as given below.
1. They reduce incidence of commutation failure in inverters caused by dips in the AC voltage at the converter bus.
2. They prevent consequent commutation failures in inverters by reducing the rate of rise of direct current in the bridge when the direct voltage of another series connected bridge collapses.
3. They smooth the ripple in the direct current.
4. They decrease harmonic voltages and currents in the DC line.
5. They limit the current in the valves during the converter bypass air operation.
     The sizing of the reactor is done not only from the considerations mentioned above , but also from the point of view of minimizing the effect of low order harmonic resonances in the AC/DC system.
It is necessary to avoid series resonance of the DC system at fundamental frequency and also at the second harmonic. The effect of the inductor value on the resonant frequency as a function of DC filter capacitance is shown in fig 1(a). Here L3>L2>L1 shows that the resonant frequency is reduced by increasing the inductance.

Fig 1(a) series resonant frequency as a function of smoothing inductor and filter capacitance

The inductance value must retain practically constant with variations in the direct current. This requires air core construction. The smoothing reactor helps to limit the fault current in the DC line as mentioned above. This is feasible only if the reactor does not get saturated by the fault current.
The location of the smoothing reactor can be either at the high voltage or at the ground terminal as shown in fig 2(a) and (b) respectively. It is also necessary to have a small reactor of the order of 5 to 10 mH on the line side, to protect the converter station from the consequences of lightning strokes to the line. The insulation level of the reactor is reduced for this location of the reactor.

                               Fig 2 Location of smoothing reactor

Optimum size of the DC smoothing reactor one criterion used is the Si factor[1,2] defined below
                                      Si=Vdn/(LIdn)
Where Vdn and Idn are rated direct voltage in KV and direct current in KA
            L is the DC circuit inductance in mH which includes the transformer leakage inductance
            Si factor for back to back HVDC links varies from 0.24 to 1.3 ms-1
Higher the factor, higher is the rate of rise of the fault current
Alternate criterion for the sizing of the reactor is the ripple in the direct current. For a converter feeding a constant voltage source through a constant inductor (fig 3) , the peak value of the ripple is given by
                           
                         Fig 3 Equivalent circuit for calculating ripple
Idpeak=(SVdo/w12d)[1-(π/p)cot(π/p)]sinα      2
Where Vdo = No load DC voltage of a converter
            S      = no. of converters connected in series
            P      = pulse number
           Ld     = Inductance of the reactor
           W1    = Fundamental frequency
           Tanα =p/π –cot(π/p) -3
For p=6, α=10ᵒ and
 For p=12 , α=5ᵒ
In former case 
         Idpeak=0.0931(SVdo)sin(α/w1Ld) 4

While for p=12
    Idpeak=0.0230(SVdo)sin(α/w1Ld)5
For the case where α=0
    Idpeak=K(SVdo)/ w1Ld  6

Where k=0.00947 for p=6
           K=0.00119 for p=12
It is necessary to avoid discontinuous conduction of current in the converter valves during the system operation. This is because of the possibility of over voltage across the valves that are transmitted from the line side.
Fig4: peak current as a function of smoothing reactor
The peak direct current during the bypass pair operation caused by commutation failures.
DC LINE:
CORONA EFFECTS: The corona is defined as a luminous discharge due to ionization of air surrounding a conductor caused by a voltage gradient exceeding a certain value.
Within this zone, the high field strength causes high velocity particles to collide with the air molecules. Electrons are removed from the atoms of the air molecules and are accelerated towards the positive conductor or away from the negative conductor. These high velocity electrons collide with other air molecules releasing additional electrons in an avalanche process.

    Due to movement of electrons & ions a current called corona current passes from the conductor. The ion velocities at the ground level are in the range of 3m/sec for typical voltage gradients. The ion movement is perfectly still air conditions is restricted to the electric field direction. However, with wind movement, the ions are randomly dispersed from the DC line. The losses are also increased.
The effects of corona are:
Corona loss
Radio and television interference
Audible noise
Space charge field
While the first three effects occur on AC lines also, the last one is peculiar to DC lines.
CORONA LOSS:
The power losses due to corona can be expressed as
Ploss=[2V(K+1)Kcnr*20.25(g-g0)]*10^-3 KW/circuit-km 1

Where  v is the pole to ground voltage in kv
             n is the no. of subconductors
             r is the radius of each subconductor in cm
             f is relative air density
            g= max conductor surface gradient at operating voltage(kv/cm)
            go= 22*δkv/cm
           Kc= conductor surface coefficient which varie from less than 0.15 for smooth, clean                                
                      Conductor to more than 0.35 for conductor with imperfections.
           K= (2/π) tanˉ¹(2H/S)
                    H= mean height of conductors
                    S=pole spacing
The relative air density δ is given by 
                     δ = 2.94p/(273+T) 2
WHERE P= barometric pressure in kilo-pascals
               T= temperature in centigrade
Morris and maruvada have applied mangolt equation to the calculation of conductor surface gradients for bipolar lines. The maximum gradient g is given by
  g=[1+(n-1)(r/R)]V/nr*ln[2H/(nrRn-1)[(2H/S)2+1]1/2]3
Where R= radius of circle passing through the centres of all subconductors in a bundle, in cm.
The power loss predicted by eq-1 gives correctly the mean fair weather corona loss levels.
RADIO INTERFERENCE(RI):
This is measured at a frequency of 1MHZ and for a receiver bandwidth of 9KHZ , at a horizontal distance of 30 meters from the outermost conductor.
The RI is mainly due to the positive conductor. The fact that the corona from the negative conductor which are uniformly distributed over the conductor surface-positive corona discharges are of three types- Hermstein glow, plume discharge and steamers. These are mainly responsible for the RI.
The expression for RI is empirically obtained as
        RI= 25+10 logn+ 20logr+ 1.5(g-go)1
This is due to the positive conductor. The RI due to the negative conductor is about 20db lower and is not of consequence.
DC-RI levels are decreased by rain and wet snow which completely wet the conductor. This phenomenon is opposite to that in AC conductors.
DC-RI levels are increased by wind, with maximum increase during the wind flow from negative to positive conductor.
The television interference (TVI) with DC lines is mainly due to the ion currents and at distances greater than 25 meters from the right of way.
AUDIBLE NOISE(AN):
The corona discharges from the conductor produce compressions and rarefactions that are propagated through the medium.
The sound level is expressed in decibels and is defined as
db= 20 log(P/PR)
where P is measured sound pressure level
           PR is the reference pressure level
Positive polarity conductor is the primary source of AN. Rain causes a very slight reduction of AN.
Audible noise is produced in converter statios by converter transformers and smoothing reactors due to the phenomenon of magneto striction. Audible noise has not been a serious problem in converter stations.

SPACE CHARGE FIELD:
The ions produced by corona on overhead DC lines drift through space under the action of electric field and wind.
In AC lines, the problem of ion flows is not present as all the ions created during the one-half cycle are recaptured during the second half- cycle by the polarity reversal on the conductor. Ion flow fields are absent around AC lines.
The current density (in amp/meter²) can be obtained from the relationship
 J=kρE
Where k=ion mobility(1.8*10^-4 m/s/v/m for negative ions)
           ρ =charge density in coulombs/m3
        E=electric field strength in volts per meter
The charge density at ground level can be calculated from 
                  ρ =єVE
where є is the electric permittivity.
The total electric field at the ground level is superposition of the space charge field and the electro static field. The lateral ground level profiles of the electro static and electric fields are shown in below figure.
Fig : Lateral ground level profile of electrostatic and electric fields

Transient overvoltages in DC Line:
Pole to ground faults in bipolar DC lines can result in transient over voltages in the healthy pole of magnitudes exceeding 20 p.u. The maximum over voltage occurs at midpoint in a pole when the fault is also at the midpoint of the other pole. For example, if a fault occurs at a point of one third distance from the sending end, the over voltage occurs at a point of one third distance from the receiving end.
There are two modes of travelling waves on a bipolar DC line. One is termed as the pole to pole mode(analogous to positive sequence) while the other is termed as the pole to ground mode(analogous to zero sequence). If the prefault voltage is V at a given location, it can be shown that immediately after the fault, the voltage at the other pole rises by an amount ∆V,given by 
Change in voltage ∆V =[(z0-z1)/( z0+z1)]V
Where z1 and z0 are the surge impedances of the first and the second mode respectively.
Generally z0 > z1. For typical values of z0 and z1, ∆v≈0.3v
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             Fig :Transient voltage waveforms( at midpoint and terminal )
The travelling waves originating at the fault location travel in both directions and are reflected by the terminals.
It is also necessary to provide a time delay in the operation of protection (using dv/dt) to prevent the tripping of the healthy pole. Typically, a time delay of about 3 milliseconds may be adequate.
Protection of DC Line:
The fault current immediately following a fault is limited by the surge impedance and is of the order of 2.0 p.u. The current controller at the rectifier acts to limit this current to the pre fault current. If the inverter current control is also active and power reversal in the inverter is permitted, the inverter current is maintained at a value which differs from the rectifier current by the current margin. This implies that the fault current in steady state is equal to the current margin. Although this is much less than the currents in AC line faults, the clearing of DC line faults, it is necessary that the inverter is not allowed to operate as a rectifier and the rectifier is put into the inverter mode by sudden increase in the delay angle to its maximum limit. The converters at both terminals discharging the energy.
DC Breakers:
The development of HVDC circuit breakers has been under way for some time in late eighties, and a 500kv breaker with current interrupting capability upto 4000 A, has been reported. Although several types of DC breakers have been developed by different manufacturers, the basic concepts are the same in all the cases. These are reviewed below.
Basic concepts of DC circuit interruption:
The major problem in the circuit interruption in DC circuits is that there is no natural current zeros as in the case of AC circuits. The current can be brought to zero only by applying a counter voltage higher than the system voltage. The second problem is the dissipation of large energy stored in the inductance of the circuit.
                           
                       Fig :Simple representation of DC circuit with breaker
Consider the simple representation of DC circuit shown in fig(a). The breaker has a counter voltage Vb. It can be shown that the energy absorbed by the breaker is
Wb=1/2(LId2)(Vb/Vb-Vd)
And the time required to bring the current to zero is given by 
Ti=LId/( Vb-Vd)
Where Id is the current in the breaker prior to interruption. It is obvious that reduction of Id has a significant effect on the breaker costs as wb is decreased which results in the reduced also interrupted Id=0.
The alternate strategy is to interrupt the fault current fast but this will increase the interruption time Ti apart from increasing the cost of the breaker.
The counter voltage produced by the arc is not sufficient in HVDC breakers. This requires an auxiliary circuit in which a capacitor is inserted to develop the required counter voltage. However, a capacitor is unable to dissipate the energy and the current in the capacitor has to be commutated to non linear resistors which then dissipate the energy without undue increase in the voltage across them.
               [image: ]
                                Fig 2 : Arrangement of a DC breaker
The general arrangement of a HVDC circuit breaker is shown in fig 2. The current in the breaker is normally carried through CB with moving metallic contacts. This may be vaccum oil, airblast or SF6 device. After a trip signal is given to the breaker, the breaker contacts open to draw an arc.This is initiated at time.
                             
                  Fig 3 : Current and voltage waveforms
At a short time later at t2, the commutation circuit is inserted device Sc. The commutation impedance is primarily made up of series L-C circuit which is tuned to a certain frequency. The capacitor may or may not be precharged. The insertion devices Sc may be a triggered vacuum gap or spark gap or in the so called passive commutation circuit, just a solid connection. The main purpose of inserting a commutation impedance is to create current zero in CB and transfer the current to Zc with sufficient contact separation in CB to regain its dielectric strength. This current transfer is completed by time t3. The DC circuit current id ,flowing through the capacitor  in Zc rapidly builds upto a high voltage Vb at time t4, the energy absorber Rd is inserted through the device Sd. The nonlinearity of the resistance Rd after the interval of Ti (at time t5). The breaker operation is completed by t5 if the three parallel paths CB,Zc and Rd have adequate voltage withstand capability. Otherwise, fast acting isolators that operate at zero current level may be used to prevent overstressing of the breaker until the converter control resistors the voltage to a level that can be withstood by the breaker under steady state conditions.
Characteristics and types of DC Breakers:
The breaker is characterized by four variables of interest in its application to the system. These are:
Voltage capability
Current capability
Energy capability
Switching time
The voltage capability is related to two parameters
The voltage during the interruption process and
Steady state operating voltage and transients in the system.
The breaker voltage requirements can be kept low by co ordination with converter control and fast isolators. The highest permissible voltage gives the best performance in terms of lower energy absorption and shorter switching time.
The required energy capability of a breaker depends upon many factors such as the inductance, converter voltage and current, breaker voltage and duty cycle.
The switching time of a breaker includes the following components.
Time required to generate the trip signal.
Time required to separate the contacts in the main breaker.
The interruption time(Ti)
Time required to bring the DC system back to steady  state post fault condition.

Applications of DC Breakers: 
The application of DC breakers is required mainly for fault  clearing in MTDC systems. However, even for two terminal DC systems, the DC breakers can be useful in the following situations.
When the converters feed two parallel DC lines.
When parallel connected converters feed the same line.
When current needs to be transferred from the ground return to the metallic return during the monopolar operation.
The breakers for this application are termed as metallic return transfer breakers. Although voltage capability required for this application is moderate, the energy capability required may be substantial.
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