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Mitigation of Power Quality Issues
(Transient suppression by SMES system)

Abstract — This paper presents the modeling and simulation results of a superconducting magnetic energy storage (SMES) system for power transmission applications. This is the largest SMES  coil  ever  built  for  power  utility  applications  and  has the  following  unique  design  characteristics: 50  MW  (96  MW peak),  100 MJ, 24  kV  dc  interface. As  a  consequence of  the high-power and high-voltage interface, special care needs  to be taken  with  overvoltages  that  can  stress  the  insulation  of  the SMES coil, especially in its cryogenic operating environment. The transient overvoltages impressed on the SMES coil are the focus of this investigation. Suppression methods were also studied to minimize transients. The simulation is based on detailed coil and multiphase gate turn-off (GTO)-based chopper models. The study was performed to assist in the design of the SMES coil insulation, transient protection, and the power electronics specification and interface requirements.
I.  INTRODUCTION
OWER systems have been experiencing dramatic changes in electric power generation, transmission, distribution,
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and end-user facilities. Continuing electric load growth and

growing power transfer in a largely interconnected network lead to complex and less secure power system operation. Certain factors such as technical, economical, environmental, and governmental regulation constraints put a limitation on power-system planning and operation. Recent developments and advances in both superconducting and power electronics technology have made the application of superconducting magnetic energy storage (SMES) systems a viable choice to solve some of the problems experienced in power systems.

SMES  is  a  technology  that  has  the  potential  to  bring essential functional characteristics to the utility transmission and distribution systems. A SMES system consists of a su- perconducting coil, the cryogenic system, and the power conversion or conditioning system with control and protection functions.  Because  of  its  fast  response  to  power demand  and  high-efficiency features,  it  has  the  capability of providing: 1) frequency support (spinning reserve) during loss of generation; 2) transient and dynamic stability by damping transmission line oscillations; 3)  dynamic  voltage  support;  and  4)  automatic  generation  control,

thus enhancing security,  reliability, power  quality,  and  transmission  capacity.  SMES systems have received considerable attention by electric utilities and government due to their attractive performance characteristics and potential benefits.

The purpose of this study is to investigate the electromagnetic transient interactions between a superconducting coil and the power electronics interface for a flexible ac transmission systems (FACTS) application.  Understanding the transient phenomena associated with an SMES system is essential in this investigation. Transient overvoltages can endanger the insulation of a superconducting coil, especially in its cryogenic operating environment, where the insulation characteristics are different from that at normal conditions. The transients may originate from normal or abnormal SMES switching operations and/or faults or lightning and switching surges from the ac and dc systems. They usually take place for a very short time as compared to the steady state, but have the potential to stress the coil insulation. The understanding of the possible transient overvoltages the SMES coil will be subjected to is essential in the design of its insulation and transient suppression schemes. The high-power and high-voltage dc interface of this particular design poses significant design challenges, which need to be well understood and adequate solutions need to be proposed. The transients associated with a SMES coil, which is interfaced with a gate turn-off (GTO) thyristor-based chopper, were simulated using an electromagnetic transient program EMTDCTM   (electromagnetic transients for dc). The fol- lowing transient suppression schemes were investigated to minimize the transient overvoltages: 1) adding filtering/surge capacitor; 2) adding metal oxide varistor (MOV) elements;
3) Changing the current sharing inductances. In addition, grounding resistors are used to reduce the terminal to ground voltage stress

Section II gives an overview of a general SMES system and transient modeling and simulation concerns. The SMES coil model will be described in Sections III. The transient simulation and suppression scheme study results will be given in Sections IV. The last section will summarize the results of this study.
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Fig. 1.   Structure of a typical SMES system.
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(b) Fig. 2.   (a) SMES coil. (b) Simplified SMES coil model  (capacitance in F).

II. OVERVIEW ON SMES AND  TRANSIENT SIMULATION CONCERNS
A  SMES  system  connected  to  a  power  system  consists of a superconducting inductor (the SMES coil), a cryogenic system, and a power conditioning system (PCS) with control and protection functions. The power conditioning system is also referred to as the power electronics interface of the SMES coil. Fig. 1 shows the general structure of a SMES system.


The SMES coil is charged or discharged by making voltage across the coil— [image: image4.png]


 positive or negative. The SMES system enters a standby mode operation when the average [image: image5.png]


 is zero and the average coil current  [image: image6.png]


  is constant.
The PCS transfers energy into or out of the SMES coil on commands to control real and reactive power flow. Several different types of PCS have been developed or proposed. A double six-pulsed thyristor Graetz Bridge was
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Fig. 3.   Frequency response  of  the  SMES  coil  model.
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Fig. 4.   Structure  of  a  GTO-based  chopper.
the first applied. One of its limitations is that it cannot provide simultaneous real and reactive power control. Two GTO-based PCS’s were proposed for an engineering test SMES model. The one with two six-pulse current source inverters (CSI’s) can provide independent power control in a narrow range, but may cause serious harmonic generation. The second one is a voltage source inverter that consists of an ac/dc converter, a dc link capacitor, and a multiphase chopper. This latter type has received more attention in SMES applications due to its capability of generating reactive power independent of the coil current.

The design of SMES coil insulation and protection systems
plays an important role in avoiding SMES coil failures. A SMES coil is subjected to transients produced by the switching


operations of semiconductor devices in the PCS as well as fault, lightning, and switching surges coming from the ac system. A SMES coil may experience unexpected failure if the behaviors of the transient overvoltages associated with the coil are not well understood.

Most  power  system  transients  are  considered oscillatory in  nature  where  the  frequency  range  is  between  1  Hz–1

MHz.  For low-frequency range simulation (from dc up to several kilohertz), general models in electromagnetic transient simulation programs such as EMTPTM, EMTDCTM can be used. For high-frequency transient studies such as the study of impulse propagation in a component, a more detailed modeling of the component is necessary.
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Fig. 5.   Transients  under  normal  operation  condition.
III.  MODELING  OF THE SMES COIL

The structure of the SMES coil is illustrated in Fig. 2(a). The entire SMES coil has a height/ width ratio of 3.66 m (144 in)/1.53 m (60 in) made of 48 double pancakes.


 Each double pancake has 40 turns. In order to reduce the computational burden, an equivalent circuit of the coil was
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(b)
Fig. 6.   SMES transients under bypass switching.
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represented by a six-segment model comprised of self induc- tances, mutual couplings, ac loss resistances, and series and shunt capacitances, as shown in Fig. 2(b). Including the mutual couplings  between  segments  was  to  obtain  more  accurate frequency and voltage response. The coil parameters ( and  [image: image12.png]


) were computed for each turn and then approximated to the segment level. The formulas developed by Miki et al. and Lyle  are used to compute the self inductances and mutual inductances between turns, respectively. The computations of series and shunt capacitances were based on the parallel-plate model.
Frequency scan analysis was performed to predict resonant frequencies.  The  result showing the  magnitude of  the  coil terminal voltage versus frequency is given in Fig. 3. As can be seen, the coil has several resonance frequencies, parallel resonances at frequencies around 60Hz, 400Hz, 890Hz, and series resonances at 280Hz, 830Hz, which can lead to magni- fication of transients. Since the SMES coil has a rather high inductance of 12.5H, the resonance frequencies of the coil are relatively low.

IV.  MODELING OF THE POWER  ELECTRONICS
INTERFACE-A GTO-BASED  CHOPPER
A  multiphase  GTO-based  chopper  was  modeled  for  the study as shown in Fig. 4. Components in dashed rectangles are for bypass switching and transient suppression purposes. A constant 24-kV dc voltage source represents the dc side of



the chopper. In FACTS/SMES applications, the dc–dc chopper is connected to a FACTS device through a dc link capacitor, which maintains constant dc voltage.

Operation principles of the multiphase dc chopper can be explained with the help of a single-phase dc chopper. For a single-phase dc chopper, the GTO firing signal is a square wave with a specified duty cycle. The average voltage and current of the SMES coil are related to the dc source voltage and average current by the duty cycle applied. These relationships can be expressed as
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where

is the average voltage across the SMES coil, is the average current through the SMES coil,
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is the average dc source voltage;
is the average dc source current, and
is the duty cycle of the chopper (

GTO conduction time/period of one switching cycle).

It can be seen that there is no energy transferring at a duty cycle of 0.5, where the average voltage of the coil is zero and the average coil current is constant. In the cases of duty cycle being larger than 0.5 or less than 0.5, the coil is either charging or discharging, respectively. Adjusting the duty cycle of the GTO firing signals controls the rate of charging/discharging.
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For an
phase dc chopper, the duty cycle of firing signals
of each phase is  [image: image15.png]1/n



 of  the  total  duty  cycle.  In  the  case  of the three-phase chopper used in this study, the duty  cycle of each phase changes from 0 to 1/3, and the frequencies of the GTO  firing  signals  are  100  Hz.
In Fig. 4, small inductors (Lsi) are placed at the output of each chopper phase for the purpose of current sharing and resistors (Rsi) represent the resistances of these inductors and the leads.

V.  EXAMPLES OF TRANSIENT  SEEN BY SMES COIL
Transients seen by the SMES coil can originate from ac or dc system faults/switchings. The normal switching operation of the devices generates periodic pulse sequences that may be continuously applied to the SMES coil. In order to minimize the impact of the transients caused by the chopper switching, a bypass (or shorting) switch will be used to short the coil when power/energy exchange is not required. Operation of the bypass switch also introduces transients that may affect the coil.

This section presents the examples of transients that may be experienced by the coil. The simulation results given in the next few sections can be better understood, if one pays close attention to the measurement points indicated on the circuit diagrams in Figs. 2(b) and 4.

A. Transients Generated by GTO Switching under
Normal Chopper Operation Condition
Under normal chopper operation condition, transient charac- teristics depend on the duty cycle and the average coil current.
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Fig. 7.   Transients  due  to  GTO  faults.
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Fig. 8.   Characteristics of one MOV element.

As an example, Fig. 5 gives the simulation results when duty cycle is 0.5 and average coil current is 0.4 kA.

The coil was charged at full speed (duty cycle equals to
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1) from
to
sec. After 0.22 s, the duty cycle


was kept at 0.5 and the SMES system was in standby mode. Fig. 5(a) shows the duty cycle for the time interval [0.22–0.28] s. The SMES coil terminal voltage  [image: image18.png]Vsmes



, is shown in Fig. 5(b) for the same time interval. An expanded inset of [image: image19.png]‘/SIHGS



 is also given in  Fig. 5(b)-1 to show the high-frequency components in detail.  As can be seen, voltage transients appear after the duty cycle is changed to 0.5. The terminal voltage can easily go up to over 40 kV. It should be noted that the transitions of terminal voltages from negative to positive or vice versa have two transient processes. These are due to the delay of the two firing signals for the two GTO branches in the same phase. It is a common practice to keep this delay large enough so that the transitions do not cause high transients. Throughout the study, this time delay was kept at about 0.14 ms that corresponds to
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5   for 100 Hz.

Transients  also  appear  in  current  waveforms.  The  plots of  the  coil  current  at  the  terminal  [image: image20.png]IS 111es



  and  the  source
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Fig. 9.   Performance of  SMES transient suppression schemes.
current [image: image22.png]


  source, along with their expanded insets are given in  Figs. 5(c),  5(d),  5(c)-1,  and  5(d)-1,  respectively.  High- frequency transients do exist in the SMES terminal coil current due to the shunt and series capacitances of the coil.
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Fig. 5(e) shows the maximum voltage (to ground) at each node along the entire coil. Each data point was obtained by recording the maximum absolute value of the voltage at each node
within a  period of  time. In  the  case of  six- segment representation of the coil shown in Fig. 2(b), there are seven-node voltages (five internal nodes) that were monitored. As can be seen, the distribution of the maximum voltage is symmetrical (in magnitude) since the structure of the coil is symmetrical. Due to the symmetrical structure of the coil and the grounded mid-point of the distributed capacitors, the mid- point internal node voltage is zero. It is also important to note that the internal over voltages can be higher than terminal voltages due to partial winding resonances.

B. Transients Generated by Bypass Switch
The bypass switch that is used to isolate the coil also has the function of minimizing the chopper switching losses. This study used a back to back GTO switch as shown in Fig. 4. In standby mode operation, the bypass switch is turned on (closed) in advance before the chopper is turned off so that the coil is properly disconnected from the chopper. On the other hand, if the chopper needs to be reconnected to the coil, the chopper must be turned on before the bypass switch can be turned off (opened). The firing signals which controls bypass and chopper operations are shown in Fig. 6(a) where ‘‘1’’


corresponds to ON and ‘‘0’’ corresponds to OFF for either bypass  or  chopper. Failure  of  this  sequence and  improper selected time delay between chopper and bypass switching may result in extremely high transient overvoltages. If these two aspects are properly considered, high transient voltages can be avoided as can be seen in Fig. 6(b). It should be noted in Fig. 6(b) that when the coil is bypassed between 0.232 s and 0.242 s, the voltage across its terminal is zero and voltage spike and transients seen in the voltage plot are due to the chopper switching.

C. Transients Generated by a GTO Fault
Fig. 7 gives the transients resulting from GTO faults. The faults are simulated by opening or short circuiting one GTO branch  at  a  specific time.  The  left  column corresponds to the  open-circuit  case  and  the  right  column  to  the  short- circuit  case.  The  open-circuit fault  was  initiated when  the GTO is conducting under normal chopper operation condition. Whereas, the short-circuit fault was created when the GTO is not conducting under normal chopper operation conditions. As expected, the open-circuit case results in higher transient voltages, while the short-circuit case causes increasing GTO current. As a consequence, the transient suppression schemes should be optimized to reduce voltage and current transients to acceptable levels.

VI.  PERFORMANCE OF TRANSIENT  SUPPRESSION  SCHEMES
From Section V, we see that the transient voltages a SMES
coil could experience in the normal operation condition can
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Fig. 10.   Standard lightning impulse responses of the SMES coil without/with transient suppression schemes.
reach a very high level. If no transient suppression schemes are used, the coil insulation could be easily damaged. This section will discuss the performance of some transient suppression schemes.

A. Addition of Filtering/Surge Capacitors (Cflt) Together with Grounding Resistors (RG)
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The effect of using filtering/surge capacitors
together with  grounding  resistors
was  studied.  The  location of
and
is shown in Fig. 4. Varying the value of shows different transient suppression performances. In
[image: image57.png]


[image: image58.png]


[image: image59.png]


this particular case, the function of the grounding resistors [image: image24.png]k€



  is to reduce the voltage stress (to ground) on
the coil to half of the terminal-to-terminal voltage. On the other
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hand, the filtering/surge capacitors
absorb some of the transient energy generated by switching actions.

B. Addition of MOV
In this study, the coil insulation design requires that the transient overvoltages be limited to below 37 kV (terminal

to terminal). Having the rated coil terminal operating voltage of 24 kV (24 kV terminal to terminal and 12 kV terminal to  ground) introduces a  challenge to  MOV application. In order to protect the coil from experiencing overvoltages above
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37 kV and in the mean time, to avoid significant MOV leakage current, the type and number of MOV stacking elements must be carefully selected. This study used the MOV component defined in  EMTDC  with  the
–
characteristics given  in Fig. 8.  After  a  tradeoff  study,  a  scheme  with  five  MOV components  connected  in  series  across  the  coil  terminals was chosen. The voltage and current scales of each MOV component were adjusted to maintain the coil terminal voltage at the desired value. Figs. 9 and 10 show that the MOV’s keep the SMES coil voltage below 37 kV. Transient voltages between SMES coil terminals are reduced as expected. The energy through one MOV component was recorded as 0.057 kJ per cycle for a normal switching transient case.

Parallel branches of MOV’s are utilized to meet the energy requirement. The number of parallel stacks of metal oxide discs can be increased according to transient energy levels the MOV’s may experience. However, most of the temporary
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Fig. 11.   Influence of  sharing  inductances.
overvoltages coming from AC side are limited to only a few cycles by control and protection functions such as ac arresters, voltage clamps on the dc bus and overvoltage protection of the  dc–dc  chopper.  Consequently, the  energy  seen  by  the SMES side MOV’s will be limited and they are mostly from chopper switching transients. Sustained faults in the SMES coil  or  the  adjacent  dc  bus  will  be  dealt  with  by  a  fast dump switch/resistor. Once the design of the dc–dc chopper is complete, additional simulations will be performed to verify the exact energy requirements of the MOV arresters.

C. Combination of Cflt and MOV
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Based on the above simulation results, the combination of and  MOV  seems  to  provide  the  transient  protection required. In the simulation,
was also added to the combi- nation of
and MOV to reduce the terminal-to-ground voltage  stress.  The  right  part  of  Fig. 9  shows  the  results. The SMES terminal transient voltage was kept the same, but the internal node voltage and terminal current transients of the SMES coil were lowered. Therefore, the surge capacitors and MOV’s demonstrate their effectiveness in suppressing the
transients applied to the SMES coil.

The effectiveness of transient voltage suppressing measures can be shown when the coil is subjected to a different kind of transient voltage such as a standard lightning impulse voltage superimposed on the 24 kV dc voltage source. When no tran- sient suppression is used, the magnitudes of the SMES terminal voltage and current will increase abruptly as a response of the


coil to the impulse transient. This is illustrated in the left part of Fig. 10, where the first (upper left) plot corresponds to the impulse transient and the second and third ones to the SMES terminal voltage and current, respectively. The combination of
and MOV reduces the terminal voltage and current to acceptable levels as can be seen in the right part of Fig. 10. It should be noted that the SMES terminal voltage was kept below 37 kV due to the effect of the MOV’s.
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D. Tuning the Current Sharing Inductances
[image: image70.png]


[image: image71.png]


[image: image72.png]


[image: image73.png]


[image: image74.png]


[image: image75.png]


[image: image76.png]


When
,
, and MOV combination is applied, it was found  that  varying  the  sharing  inductances  Lsi  can  affect the terminal voltage under bypass switching conditions (the SMES coil was bypassed at

s for 0.01 s). Fig. 11 gives  the  terminal voltage  and  maximum internal voltages for  two different  values of
.  This figure clearly shows that the higher inductance value results in less high-frequency voltage transients. This result was also observed in the SMES terminal current. This study can be carried out to determine the optimum value for
.

VII.  SUMMARY
The results of the electromagnetic transients and voltage suppression study of a 100 MJ SMES system proposed for a FACTS/energy storage applications are presented. This study aimed to better understand the transient processes and inter- actions between a high-power and high-voltage SMES device and its power electronics interface.

The simulation and integrated modeling of the SMES coil and associated power electronics have been performed using an electromagnetic transient program, PSCADTM /EMTDCTM . The simulation used detailed SMES coil and multiphase GTO- based chopper models. Transient voltages in the SMES coil include those generated by normal GTO, SMES system bypass switching, and those coming from the ac system. Transient suppression methods may include adding filtering capacitors, MOV  elements, sharing inductances, changing the chopper switching frequency, and snubber circuit parameters.

Although the electromagnetic interactions of a coil and the power electronics interface have been studied before, the high- power and the high-voltage level of this SMES application have presented new challenges to the coil and the power electronics interface designers. These simulations have helped to identify some areas that will be further investigated and optimized as the design of the system proceeds.
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