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[10]. The arcing time in the range of tens of ms coupled with
Abstract—The article describes a method of fast commutation the high recovery voltages (over 100 kV) in these commutating
of DC current into a capacitor. Theoretical study is provided circuits, lead to high energy dissipation and require special
which enables evaluation o€ommutating DC current for the given  switches with arcing chambers and heavy electrodes. The high
contact velocity, capacitance and dielectric strength. It is recovery volages are result of insertion of surge arresters
concluded that a non-zero contact velocity at separation is pecessary to provide counter voltage in faulted DC circuit.
required, and acorrespondingswitch design is proposed. The arcing across a mechanical switch can be shorter if a
Experimental results on a laboratory ®t up illustrate successful . ) .
semiconductor is placed in paralle[11], however

DC current commutation up to 400 A with voltages rising to 1.3 .
KV. Further experiments demonstrate that parasitic parameters S€miconductor valve should be rated for full DC voltage.
reduce the magnitude of the current that can be commutated. The commutation of large DC currents between two DC

A detailed nonlinear PSCAD model and ainear model for the busses in future DC substations has been extensively analyzed
parasitic circuit are presentedto enable prediction of the success recently[12]. In this case DC CB are not necessary and DC
of commutation. The model accuracy is confirmed with disconnectors would be sufficient since recovery voltage is low
experimental tests o (below 100 V) and load currents are moderate2 (KA).

The DC current commutation in the proposed method occurS- — owever, arcing is also expected in the time frame of 10 ms.
B e oot _ The commuation of DC curent o a capacior has been
extremely short arcing is elimination ofthermal issueson contacts, studied intheearly DC C_:B designg8] and(9], since liprovides
and possible smplifie d design of the mechanical switch. gradual and well definedecovery voltagewhich reduces

Index Terms- DC switchgear, HVDC protection, DC Circuit occurrence of retriking. Sk breaker commutates DC current
Breakers. into a capacitor i8], but it has low opening speed and requires

another switch to insert capacitor after2@ms of acing when
[. INTRODUCTION contactsachieveadequate separation distance. Withtd@st
here has been renewed interest in DC circuits recen r?ake|[9] anindyctor Is inserted in the commutating circuit to
because of the growing application of DC in transmissi ape LC osdation, and arcing of %QO ms 15 also.presen_t.
e DC current commutation into a capacitor using

(e.g. HVDC and DC grid§l]) and distribution/collection . . ) )
systemsAt low DC voltags (say below 1 kV) the arc Voltagesemlconductor switches is also used in the recent D@ELCB

s comparable wih system voltage and no commutation g A TR T CH MAREERA 2R CE T UE FUTE
usually required. At higher voltage3C current commutain ot analvzedand parasiti aramet(grs are nealected
is required in all DC CB (Circuit Breakers) technolodi8g3], Y P ® 9 '

and sometimes multiple commutations are nee8&efid state The highspeed mechanical switchesith Thomson coll

switches represent an elegant solution to interrupt DC Currgﬁ{uatorshave been known for many yezi}ls&],[ls_], but only .
without any arcing and to provide adequate couvitage to recently they have been developed to commercial products with
commuate DC current into another circuit of practically anviery nlrr]nprtesrswer ct)perir;]ltl;g sper?gsr.] TSe nGIri I320d iEV
voltage magnitudg4]-[7]. Semiconductors are used for thi%&ﬁzcgc chc?n[Z?eTiee?/acuuﬁi]sionneﬁorE::? 43 k\F/) gggrates
purpose with all converters but if only occasional commutatlI ? ms[17] and haseen employed in DC CB []. A similar

is required (like with DC CBs), then the cost, losses and size . ) )
semiconductor valves are difficult to justify. &O kv disconnector is used in DC CPB]. These fast

When moving cortacs (mecranica swicras used or (AR SeLSpe e B,
DC commutation, arcing becomes inevitable. In passive DC P

CBs[8], [9] electrode separation creates arc with increasif iﬁfgg\ﬁh bzasge?jlsﬁ_?pg;ﬁﬁtso:oSrveygﬁzevgg:n;%?;gg:n ?iﬁfégn
voltage as the electrodes move apart. Increasing arc volt :

creates equivalent negative resistance and it maeaems 40y 0 T 2§ RS SETETRNIE, TERCO L
for the growing oscillations to cause current zero crossing a%%iv P P '

interruption ¢ arc. The latest DC CBs based on movin t?Jr(;“niia;uSImctjrlg[::ior\:vilorros:ﬂ%i?ar?tigllogs g’rﬁiﬁfs?ltgdgrl{ ;I’he
contacts (active or current injection DC CBs) employ- pr y PP P

charged capacitor which shortens the arcing time-10 gs aboratory hardware of around 4600A DC current
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Il. FAST DC CURRENT COMMUTATIONINTO A CAPACITOR The above equation is valid for any final timgxtincluding
the instant of contact separation (commutation) at t=0.

A. Circuit description Replacing #w=0 in (5):

The circuit of interest is shown iig. 1, whichresembleshe
study in[13]. Switch S is of mechanical design (disconnector), |
which is initially closed and takes full currem iThe challenge v, E, > 0
is to understand the conditions for current commutation to <
capacibr when $opens and in particular:

' Will dielectric breakdown and arcing acrosscBntacts where v is the contact velocity at the separation instant and |

, zH t 6 (6)

occur.and for hOW Iong?_ is the current magnitude at the separation instant.
1 What is the required switch topology? Equation(6), is valid forideal conditions andit is observed
1 What magnitude of currenisican be commutated? that theconditions to commutate nezero currentdare[13]:
1 What would be the required capacitance Cs? 1 Contacts have nerero velocity at separation,v
1 There is a finite capacitan€x across contacts.
-
Ves 1 C. Switch design
- . .
y - Icg " Cs The commutating switch employed[B8][9], [12] andmany
.m %’L commercial switchgear cannot satisf§). They have butt
— —— S ® contacts with springs facilitating adequate closed contact force.
Ldc Is] ! These switches have zero contact velocity at z=0, and this
Fig. 1.DC current commutation circuit of interest. results in very gradual contact gap increase in the initial period.
B. Theoretical conditions for ideal circuit The condition of ¥>0 can be satisfied if switch, 8as lateral

contact overlap in closed state which is shown in a simplified
diagram in Fig. 2 The disconnector inM14] and many
‘conventional S§ switches have similar constrient. The
lateral overlap of contacts in closed state is denoted as OL and
8fables contacts to accelerate to a-zem velocity before
separation. The contact separation distance z is determined
using the contact positions and %, as shown idrig. 2

It is assumed that the distance between electrodesisfzS
which is in the range 0<zrz«while contacts are moving apart
Zmax IS the maximal electrode gap which occatdime tax At
any instant while contacts are moving apart, the contacts
capable of withstanding voltage which is assumed:

v, =z, 0 <z < D
. — N . z=x oy oL 7
wherekE; is the dielectric strength of insulating medium, which
for air isEp_s=3kV/mm, while for Sk it is Ey sre=7.5kV/mm
(at 1lbar) Dielectric strength is assumed constant since
thermal phenomena are consideraithough impact ofontact
geometry is neglectedin order to avoid breakdown, the
following critical dielectric condition should be satisfied:

A high-speed switch will be commonly driven by a pair of
1%s (Thomson coil), as shown Kig. 2 which provide fast
acceleration. By knowing dynamics of switch contacts and the
repulsive force of Thomson coils, the velocity of contacts can
be determinedl7], including crucial velocity at separation v

ZEb > A 0 <z %ax ()] MTCI Vi BB BN TCl
Wi N
where the capacitor voltage o is assumed identical to the * M ~ TC2 .. ) TC2
contact gap voltage (recovery voltage). In this section t Sl
circuit is assumed ideal, with no parasitic inductances. I disk B I
It is also of interest to express derivative of conthstiance: I Contacts < Contdcts
dz
= a , 0 <« inax , 0 t< tnai (3)
where v is the contact velocity. The derivativevefis: Acdfui‘(wf
1S
dy, i ~
—Ss=C 0 4« . 4 TCI
dt C
TC2
a) Closcd position b) Open position

Replacing(3) and(4) into inequality(2):

Fig. 2.Structure of a higlspeed switch with lateral contact overlap.

maagadVCS

E,fj " vd o<t O
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D. Condition to avoid postommutation restrike 1 Data is captured at 2000 points on Agilent 2Bz
The equatior(1) should be satisfied in every instant of the oscilloscope. The time is synchronized wititi&ger.
contact strokeandat the maximum distandébecomes:
Ves
Zmabe > \ésmax (8) voltage ?_ﬁ_s 7
control 54
where the voltaged¢maxcan be determined from tlaerester Tes “Cs
voltage The instant when maximum voltage occurs will b — ‘S
dependent on the pacitance and currensing(8): == L™ Is /
AC/DC 4
1 o 50Hz Tf fault s
> — i dt, O S| (9) diode swicth load
Zmabe CS ra ICS %ax rectifier | Ct ‘ Vs Ve .
fault

It is not intension of this article to analyze in depth the fu L;R- g;;ode rec/fgg;ﬂ;;gg‘,f%&
trajectory of the contact movement and the capacitor curr 7 o hristor Pl

waveform. As the first approximation, an average current wh f"S;°’?9e,C;”iC”°’bg7§§;’,5F' 1200V),
contacts are movintgsa,can be used for initial dimensioning: 5~ fres oeair. @00
Ryaur - Fault Resistor, (0.402 ),
| SA - Surge arrester (1200V, TDK 2xB60K275)
c S; - Residual switch (AC CB, Kilovac EV200HAANA )
Z ox Eb > % tmax (10 S; - Fast disconnector,

S C; - Commutating capacitor.
Fig. 3. Experimental test circuit.

I1l. EXPERIMENTAL TESTING

A. Experimental circuit

Fig. 3shows the schematic of the complete test circuit an
gives the test circuit parameters.
The DC CB testing rig at the Aberdeldi’DC laboratoryhas
been used previously for testing hybrid and mechanical [
CBs and it is described ifY] and[18]. It controls DC voltage
to 0.9kV - 1 kV, and supplies fault current of over 500 A.
Fig. 4 shows the photgraph of the commutating circuit«S
L4sc Cs and energy absorbers). The residual switghs&
commercial AC circuit breaker (Kilovac) which is used ti
interrupt LC oscillations after the commutation. The capacit ,
bank is purposely located close to therenutating Switch to Arresters SA  Capacitors €5 Contacts 1 Inductor Lde Residual switch 52
reduce parasitic inductance. Fig. 4. Photograph of the experimental test circuit.
Fig. 5shows the fast disconnector &parately. The high
speed disconnector operates in aroun@mbk with 3mm
separation in air, and it is described [itB]. A theoretical
Ex=3kV/mm may not bevalid because of contact geometnyd
some bounceand therefore aonservativepeakstress of 1.2
1.5 kV is appliedCopper contacts of 2hm width are used,
while the closegstate overlap is OL=1.51m. Thomson coils
are described ifil9], and they have adjustable driver voltag
which enables changes in the contact speed and opening ti
Fig. 6shows the capacitor bank @vith four capacitors) and
the energy absorbers. Bus bars are used to reduce inducta
The measurements of variables are achieved as:
1 The contact position x isneasured using hadiffect
sensorgl9]. Contact separation z is estimated ugifg
. Contact velocity igalculatedby differentiating z. |

f Currentsicand i are measured using identical Agilent Thomson coil
2 MHz, 500A DC probes. It is not possible to measurc
ics because of close location of capacitors. Arrester
current ga is measured using a standard AC probe.

1 Voltages are measured using TESTEC, 100MHz,

differential probes.

Bistable Contacts Thomson Charger for
driver assembly coils Thomson coil driver

Fig. 5. Fast disconnector;S
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B. Experimental results

The first goal was to evaluate validity of equat{@). The
following test plain is adopted:

1. For a fixed capacitances@nd commutating curreng | 1200 |

the responses are observed/recorded whepp8ns.
Note is taken if commutation is successful or if it fails. 1000 |
2. Current pis increasd in a small step and test repeate( < »
Current is further increased until commutation fails ¢
This enables testing the impact of commutating currel g

3. Capacitance is increased and stef2srépeated.

A 52uF, 1400V capacitor i ¢ 400t
test sets are performed wi
(Fig. 6shows all four capacitors in the circuit). 200 r

Fig. 7shows commutation of 400ADC curreats i ng :
capacitance. It is seen that 400 A current is transferred from
switch to the capacitor practically instantaneously. Voltag \‘/th g g 2 3 4
across switch raises to3lkV in around 1ms and no arcing is }Vitapes Time [ms]
observed Voltage magnitude is limited by arresteitsis seen Fig. 7.Experimental measurement of 400A commutatios<20&F).
that commutation occurs around 306s af t er t h
Contacts are sliding for 350 gincluding a deadime of 506
100us before they begin to movehile conductingcurrent.

Fig. 8 shows the contact position measurememitsch is
same for all tests. The distance between contacts z is calcul
using measured position of each rod (shown.aen® %) and
calibrated to indicate sepdion at the instant of voltage
increase. It is seen that sepration occurs at ar8usd0 Y s
that_gap velocity at separation is=2.5m/s. _ ‘position 1% |,

Fig. 9 shows the summary of measurements for differe
capacitanced he failed commutation is marked witk” which
always occurs at somewhat larger curréhan the last 0 /\ M 0
successfutommutationMany tests have been performed witl ; | .
different capacitances and different currents. The results hi -0.5 0 0.5 1 15 2 25 3
been reliable and largely prethble. Experience shows thai time [ms]
tests are repeatable with only a very small uncertainty (it failsrig. 8.Contact position, gap distance and velocity.
for the same or very similar current magnitude for repeated
tests). No restriking is observed or stochastic phenomena. It is suspected that the commutation fails at lothan

Each time the failure occurs, a substrarc for around 3  expected currents because of parasitic inductance and resistance
ms is observed andsubstantial contact damage occurs.in thecommutating circuitThis can be confirmed by observing
Replacement of contacts has been necessary after each failtegponses for failed commutation at 430 A with 208 pF, which

Thecurve“ i d e al g Qissobtdined usingp). Itis are shown irFig. 10. The swith currentd; reduces rapidly but
seen that thsecurve are overly optimistic in predicting the it fails to reach zero and continues to oscillate. The damped
maximum commutating current for the givparameters. oscillations are of high frequency (over 20 kHz) and are caused

by parasitics in the commutating circuit.
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Fig. 10. Failure of commutation at 430A.
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Fig. 10also helps understanding the commutation proce
The commutation is successful if the first pedkhe parasitic
oscillating current falls below zero, since this interrupts a
current. Therefore the gap medium conducts current (arc
time) only for the first ¥ of the parasitic oscillation. In th
demonstrated successful commutation tests the aliasig) for
around 510 ps. This is 3 orders of magnitude shorter the
arcing in the commercial mechanical DC CBE8jx [10]. Since
arcing period is so short, minimal energy is dissipated a
thermal phenomena are not important for the analy:
(dielectric phenomena are crucialhe arcing of several us is
practically unmeasurablg2] and is not likely to cause any
contact wearing. It is therefore believed that commc
disconnetors would be suitable switches for this commutatic
method.In practical terms, since arcing is so short, contacts c
be lighter, and may operate at higher speeds.

A. Tests with different contact velocity

Contact velocity at separation instapis/the key parameter
in this design as it is seen(®). Beside the illustrated tests with
Vo=2.5m/s (opening in 1mdyurther tests were also performed
with lower speed of ¥=1.9m/s (opening in 2ms)At lower
speed the “ideal mo dshbwhinkigur
9, but it is still above the currelimits caused by parasiticand
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therefore similar results are obtaingss it will be illustrated
below, contact velocity has no influence on the parasitic circuit.

B. Arc voltage ésts without capacitor Cs

The study in[12] concludes that the compsoh of arc
voltage and the voltage across parasitic elements determines
success of DC current commutatidm.order to measure te arc
voltage, he commuatingapacitor is removed from the circuit
andmeasuremennts are takervatious current levels. Without
capacitor, the arc voltage is more stable and enables
understanding the electrode fall (intial arc voltage).

The measuremesbf arc voltage at 2 diffent currents (2 A
and 180 A)areshown inFig. 11 It is seen that this switch is
unable to interrupt 1.3 A DC current without DC capacitor. It is
also observéthat the DC current drops from 2 A to 1.3 A while
contacts are sliding, becausentdrginally increased resistance.
This is the consequence of slight increase in contact resistance
while contacts are sliding, however such drop is not noticable
at higher currents. At low currents the electrode fdliig (20
30 V) which explains the rgative resistance slope and is
consistent with measurementq29].

In Fig. 11b) for 180 A current, and in general for all currents
over 20 A, the arc voltage is around-18 V at separtion z=0.

The arc voltage then slightly increases as gap distance incrases.
These measuremest are in general agreewiémresults from
[12] and[20].

4 T T 1100
Varc (right axis)
sl 180
160
< 2% | =
8 1) g
20
ot g
-1 ' : ' : : ; I 20
-0.5 0 05 1 15 2 2.5 3
a) Arc at 2A interruption  time [ms]
300 40
250
130
— 200 -
< =
= o)
S 150 120 @
2 Varc (right axis) - 5
5 E)
O 1001 >
10
50
O 'y " . \ . . . 0
-0.5 0 0.5 1 15 2 25 3
b) Arc at 180A interruption  time [ms]

Fig. 11. Arc voltage experimental measurements.

IV. MODEL OF PARASITIC GRCUIT

v A. Nandirearmed@l niPSCAD o pe a's
A detailed circuit model including parasitics is developed in

PSCAD, andrig. 12shows just the model of the commutating



circuit. PSCAD has a onlya simple switch model, anché
arcing switch is represented with two switchegs &8d Sp) and

a nonlinear resistor B. Both switches are commanded to ope
on the trip signal, however they respond differently:

1 Siwais an ideal switch capable of opening only at zel
current which provides isolatiorwhen arc current
reduces to zero.

1 Swis an ideal switch capable of openiaigany current
which will interrupt current immediately and insergR

Once Spopensgcurrent g falls, and if itreduces to zero:$
opens and commutation is successful.

The value for R is adjusted to match the experimente
results as shown iffable . Nortlinear Ry enables accurate
representation of the arc voltage dependency on the current

Lp1 represents capacitor parasitic inductance, evhi),
representshe copper bus banductance Ry: is the capacitor
series resistance. At each topology (with different capacitan
the period and damping of the parasitic oscillating circuit a
calculated using measurements of the oscillating resgonse
the failed case (as iRig. 10. Then, curve fitting is used to
estimate the values forpLand Ly, as shown irFig. 13 The
period of parasitic oscillations is also showrig. 13 and can
be used for estimation of the arcing duration (1/4 of the perio

The parameters of this model are shownTablell. The
testing of this modeagainst experimental results is shown i
Fig. 10 and it is seen that model accuracy is good.

e

IL/U ISI ‘Slu [ P ‘\1[)
- cs
Fig. 12. Commutating circuit model in PSCAD.

Tablel Arc resistance in the PSCAD model.

Current | Resistance Current Resistance
0.5A 50q 200A 0.08
1A 100q 300A 0.053y
2A 25q 500A 0.035
10A 16q 600A 0.03310
100A 0.16q 10000A 0.00

Tablell Parameters of the commutating circuit model.

PSCAD model Analytical model
Rpl 0.0 Rp Ro/(C/ 52 pF)
Lpl 130nH Lp Lpatlpd(C/ 52 p F
Lp2 195nH VarcO 16V

500

= 400 | o
s
[
o 350 |
£ o o Measured
3 300 - Calculated
£ r o
. o
250 | o
o o
o
200 | ] ! L .
0 50 100 150 200 250

dsis) o Capacitnace [uF
a) Parasitic inductance P [uF]

45

40

Period [us]
&

w
o

20 : :
0 50 100 150 200 250

Capacitanace [uF]
b) Period of parasitic oscillation
Fig. 13. Estimation of parasitic inductances and the period.

B. Analytical model

The analytical modeling of DC current commutation through
parasitic circuit is well described [d2]. Similar approach is
used here but capacitor isciuded in the circuit as shown in
Fig. 14 This model enables fast parametric studies. Instead of
nortlinear resistance, in this linear model a simpt:stant
voltage Vuc=16V is used to represent arc. This is justified since
gap distance changes only marginally (around 40 um) for the
short arcing duration, and has no noticeable impact on the arc
voltage.A single Lp is used for simplicity

Using circuit theory, the time domain expression for the
current g, after S opens, can be derived:as

@ V('S

B I Ce

Wi

’Il arc

. A
lcy I

e > — ;" *

[() Is] Sl

Fig. 14. Analytical model of commutating circuit.

V. - ,
.Lcoe z li’/dtS”'](’/,/pJ) ,

zpafl- z?

where subscript 0 denotes values at commutation, and:

X

s =10



wy=wyl-2  wH,JLC,, s 80
70[

z=R,/1(22,)), Z, 3[L /G, »

The value of the first peak of the oscillating currenflify is: 50

Varc [V]

401

(13

30

20

10 ) : .
. . 0 500 1000 1500 2000
If this peak current,h is larger thandthen current crosses ) cs=10auf, rRp=0.00920 lo [A]

zero and commutation is successfhe parameters of this g0
model are shown ifablell.

The accuracy of this model has been confirmed by testi 0]
against experimental results is showrig. 10 Equation(13)
is also verified for other values of capacitance and the curve
shown as “Par asit Fig 9 itis stendhata S sof
this model quite aegately predicts maximum current that cal ©
be commutated. Because of arc voltage increase for | = 40
currents, this model is inaccurate fex20 A.

Therefore the ideal model in(6) gives only necessary
condition The commutation is successful bbth ideal and 20F
parasitic model conditioraresatisfied.

60

. . . . 10 ' ‘ ' ‘

C. Commutating higher DC curremind practical design 0 500 1000 1500 2000 2500
. . . ) b) Cs=208y:F, Rp=0.00920) lo [A

Of primary practiceimportancefor a possible DC CB design  Fig. 15. Arc voltage versusommutating current.

is the magnitude of the DC current that can be commutated.
Considering13), DC current magnitude can be increabgd V. SCALING FOR HIGH VOLTAGES AND CURRENTS
1 Increasing G

. No tests have been performed at higher curfesitagesor
f  Increasing Vo Vv p g tsg

. cost evaluations forscaling to transmissiorevel voltages
T Reducing b, However it might be of benefit to evaluate some key parameters
T Reducing B _ _ _ _ for atransmissiorlevel caseusing the developed models.

_The arc voltage can be increased in various ways like usingrape|i| shows the basic parameters for practical 320ky SF
different medium,contact geometryr using multiple break gisconnector from[14], and the calculated capacitance
points. The benefit of two breaking points is in doubling the 58 cording tq6), with presumedt kA commutaing current The
voltage as it has been experimentally confirme@@h Fig. 15 5yt 3i ned val ue for ¢ aapceptable an c e
shows the required arc voltage to commutate larger currents fofpo parasitic parameters are very difficult to evaluate, and
arange of parasitic inductances, and capacitances (the base[@@?‘?ecommends indiiance of 200 nH/m while resistance is
is G=208 WF, Lp=233nH, R,=0.0092Q, ac¥6 V). As @an 10 g /m for bus bars. Parasitic inductance for the capacitors
example, with approximately 4 break points it might be possikigo1d be addedFig. 16shows the required arc lage versus
to commutate around 2009 on this test circuit assuming a"commutating current, assuming a more conservative
other parameters are unchanged. capacitance of 5 0, =5uHrtheaicvoltageh o ws

The methods for reducing parasitic inductances also exj§t1 1 kv could commutate current ofid.
like for example sandwich bus bar commonly used with

Voltage Source Converters. Tablelll Estimated parameters for 320kV, 4kA commutation.
Considering(6), higher current can be commutated by: Peak Contact | Contact Current | Capacitance
1 Increasing velocity at separatiog v voltage | distance | velocity v | o Cs
1 Increasing capacitance,C 550kV 0.073m | 37m/s 4000A |14 . 5 ¢

1 Increasing dielectric strength.E
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Fig. 16. Arc voltage versus commutating current for HV application.
[13]

VI. CONCLUSION

The article describes a method of fast commutation of DQ]
current into a capacitor. Theoretical study concludes that non
zero contact velocity at separation is required, and a particular
switch design is proposed to meet this requirement. A sim
equationenables evaluation of commutating current for the
given contact velocity, capacitance and dielectric strength.

Experimental results on a laboratory set up illustrai&s]
successful DC current commutation up to 4Q@#h voltages
of 1.3 kV. It is concluad that parasitic parameters reduce tq%]
magnitude of the current that can be commutated both:
ideal and parasitic model conditions should be satisfied

A detailed nordinear PSCAD model and linear model for theig)
parasitic circuit are presented andlaaged. It is confirmed that
the models enable accurate prediction of the commutation.

The DC current commutation in the proposed method occ
5-10 us afterthe contact separation, which is much faster than
with other methods with moving contacts. pradical terms |20
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