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Abstract—The use of a coaxial current transformer (CCT) is patrticularly critical in topologies employing resonant snubber
an interesting choice for pulsed measurement of current through structures.
power devices during switching transients. The CCT is used to The alternatives available for current measurement are

reflect current for convenient external measurement with minimal coaxial current shunts. Rogowski coils. current transformers
insertion impedance in the critical power circuit. This paper XI . unts, gowski corls, cu ’

analyzes the characteristics of the CCT and explains how it can and Hall-sensors-based current probes [1], [2]. However, for
be integrated into test setups for both press-pack and module the test and characterization of power switches, coaxial current
packages. Finite-element techniques are applied to the study of shunts and Rogowski coils are commonly used [3]. The coaxial
the CCT to obtain detailed electrical and magnetic characteristics. current transformer (CCT) [1], [4] is an interesting choice for

Current distribution in the primary and secondary circuits, flux t of th t th h devi . th
densities, and insertion inductance and resistance are among the measurement or the current through power devices since the

design information that can be obtained through finite-element co0axial structure of the primary circuit leads to extremely low
analysis. Analytical and numerical results are obtained for the insertion inductance. This paper analyzes the characteristics
proposed CCT that is integrated in test setups for MOS turn-off  of the current measurement device and explains how it can be
thyristors (press-pack) and high-voltage insulated gate bipolar jyteqrated into a test setup for both press-mounted and module
transistors (module) characterization. . - - .
packages to achieve high power and high bandwidth measure-
Index Terms—Coaxial current transformer, current measure- ments. Finite-element techniques are applied to the study of
ment, semiconductor device characterization. the CCT to obtain design information on current distribution
in the primary and secondary circuits, flux densities, insertion
|. INTRODUCTION inductance and resistance, and gain at different operating
. . frequencies.
HE development of power semiconductor devices that'Iqwo different test setups were built—one for press-pack de-

are capable of switching at high frequt_enmes _and h'_ ces, such as MOS turn-off (MTO) thyristors [5] and the other
power levels has created a challenge for building device test power modules, such as insulated gate bipolar transistors
and characterization setups with high bandwidth, current, a BT's) [6]. Both éetups use similar CCT structure. Analyt-
v_oltag_e range. Inserﬂo_n ofa curr_ent_r_neasureme_nt c_iewce "R, numerical, and experimental results are presented in this
ries with the power switch adds significant parasitic inductan %per
to the power circuit, modifying the device current waveform '
during switching transients. Addition of stray inductance is Il. TEST SETUP DESCRIPTION

The test power circuit consists of a commutation cell, which

Paper IPCSD 99-104, presented at the 1999 Industry Applications Soci'é%pmduces the tran_5|ent experienced by the SWItCh_Iﬂg device.
Annual Meeting, Phoenix, AZ, October 3—7, and approved for publication fA cascade connection of two current transformers is used for

the IEEE TRANSACTIONS ONINDUSTRY APPLICATIONS by the Industrial Power current measurement as shown in Fig. 1. The CCT is inserted

Converter Committee of the IEEE Industry Applications Society. Manuscripg: . . .
submitted for review June 1, 1999 and released for publication February gg,reCtly in the power circuit. The transformer employs a

2000. wound-tape toroidal core. The secondary winding corresponds
R.0O.C.Lyraand T. A. Lipo are with the Department of Electric and Comtg ten turns of copper tape wound around the toroidal core.

puter Engineering, University of Wisconsin, Madison, WI 53706 USA (e-maik; . . . .
lyra@ieee.org; lipo@engr.wisc.edu). he primary side of the transformer was built by machining

B. J. Cardoso Filho is with the Departamento Engenharia Eletrica, Univerd@-toroidal shape from a solid copper bar, with the proper di-
dade Federal de Minas Gerais, Belo Horizonte, MG 31270-901, Brazil (e-maifiensions to accommodate the transformer core and secondary
cardosob@cpdee.ufmg.br). indin

V. John was with the Department of Electric and Computer Engineerin\é\{In 9.

University of Wisconsin, Madison, WI 53706 USA. He is now with the .
Electrical Systems and Technologies Laboratory, Corporate Research &nd Press-Pack Devices
(D:\r;e;ﬂf)jn;ﬁﬂéc(fi gzr_ilonE,)lécmc Company, Schenectady, NY 12309 USAThe high-power (pulsed) test setup implemented for the

Publisher Item Identifier S 0093-9994(00)04771-X. evaluation of the resonant snubbers in current-source converter

0093-9994/00$10.00 © 2000 IEEE



1182 IEEE TRANSACTIONS ON INDUSTRY APPLICATIONS, VOL. 36, NO.4, JULY/AUGUST 2000

. 100nH 80nH
. transformer
al Input
N N L i 5
\ Thyristor
\ driver Non-inductive
capacitor
s c f 1 bank | —+4
h 81 . — )
! T Electrolytic —
L—_I J— Capacitor [
'\ T Bank
Step-up X Gate driver ot
51 I transformer1 circuit
Vin -J— iLs Fuse E

Pearson
CcT

Measurement

= L |
e - ) i Eﬁ
d ——: Voltage -
X ] || Source Control signals

(0-120V)

[
L

Fig. 3. The test setup for the hard-switched voltage-source converter leg using
L g IGBT modules.

Fig. 1. High-power (pulsed) test setup circuit employing MTO'’s.
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— i For power modules like IGBT's, the CCT is mounted directly
on the laminated bus connection to the lower IGBT emitter ter-
minal as shown in Fig. 3. The test setup consists of one leg on a
hard-switched voltage-source inverter. The test setup is a buck
converter for characterization of the IGBT module. The CCT
topologies is depicted in Fig. 1. MTO devices are employed j§ mounted on the negative dc bus, between the high-frequency
the main switchesq; and Sz). A series-connected IGBT anddc capacitors and the emitter of the IGBT module, as shown in
fast-recovery diode are employed as the snubber sWittlz).  Fig. 4. In the case of low power modules, it is possible to con-

The test circuit in Fig. 1 is capable of reproducing botRect the center post of the CCT directly to the power connec-
passive and active commutation sequences with minimudns of the module. High-current high-voltage insulated gate
hardware and control complexity. In this circuit, the snubbgjipolar transistors (HVIGBT’s) have multiple emitter and col-
driving voltage is set for optimal commutation conditions withector power connections. Using the CCT in the dc bus results
the snubber driving voltage derived from the center tap of the better symmetry in the impedance seen by the power termi-
input supply Vi,. Near-optimal commutation conditions camals of the module. The IGBT is switched in a double-pulsed
be set by introducing an independent supply to set the snubhginner to study the switching characteristics.
driving voltage or by splitting the input voltage in multiple
levels [5].

Fig. 2 shows a detail of the power setup for press-pack de-
vices illustrating the connection of the primary winding of the The CCT can be simplified as long coaxial tubes for the pur-
CCT to the MTO. Notice that this arrangement allows the mepese of analytical investigation. The different radii of the cross-
surement of the current through the power device only and daestion of the CCT are shown in Fig. 5. The flux linkage in
not include the snubber capacitor current. The current throutdiie CCT is calculated assuming that current flows uniformly in
the shorted secondary winding of the coaxial transformer tisese tubes. The thickness of the tubes is determined by the skin
then measured using a commercial current transformer (Peardepth at a given frequency.

411). The total gain of the cascade connection is 0.01 V/A (with The flux linkage of the primary winding consists of leakage
the oscilloscope at 1 M input impedance). in the center conductor, leakage in the gap between the primary

T

Fig. 2. Detail of assembly of the CCT for press-pack devices.

IIl. ANALYSIS OF CCT
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Fig. 5. Details of assembly of the CCT for module package.

and secondary, mutual flux, and leakage in the outer primary
conductor. The mutual inductance is given by
L,n — ucoreh 1n<7_:)> (1)
2 T3
whereh is the height of the CCT.
The leakage inductance of the primary winding can be calcu-
lated to be

h 1 g
Ly, = Ho — {7’% ln<7—2)
2 Log - 1
rd— rd

2(.2 2 "3

L (72—71)} +ln<g>
T7 1 4 T8

+1n —) + — [7’ 111<—>

7’3 — 7’? 2,2 2
+ 1 B (rz — 7’7)} } . (3]

The flux leakage due to the end connection in the primary
winding is neglected in this analysis, but is considered in the
three-dimensional (3-D) finite-element analysis (FEA) analysis.
If the secondary shields the entire core area, then there is nc
leakage inductance associated with the secondary in a coaxia
structure. Hence, the leakage inductance of the secondary is
only the parasitic inductance of the external leads. This can be
minimized by keeping the external loop of the secondary small _ _ _ '
and using a sandwich of copper tape for the winding. The Slﬂ?' 6. Geometry of the CCT primary showing magnetostatic solution.

. L L Current flow at the end section. (b) Three-dimensional primary winding
depth in the windings is given by showing current flow.

2
6=, f———. 3
WO licopper ®) the measurement is determined by parasitic capacitance of the

The resistance of the primary winding can be calculated usingindings, and shielding effect of the core used in the setup [7].

(b)

h 1 1 1 T
=2 [ 52T 3 27T 5% n<_7>} N IV. FINITE-ELEMENT ANALYSIS (FEA)
w5 —r{ rg—7s  2ho T2 :

The resistance of the secondary tape is calculated ignoring thEA has been carried out to verify and define the design pro-

skin effect because its thickness is designed to be smaller ti@@ures of the CCT. An eddy-current finite-element simulation

the skin depth at the maximum frequency considered. package is used to simulate the transformer behavior supplied
Using a simple model of a transformer with winding resisby a high-frequency ac current.

tance, leakage inductance, and mutual inductance, we can caln this paper, finite-element results are obtained mainly using

culate the primary current to secondary current transfer charaawo-dimensional (2-D) model for the current transformer. The

teristics of the CCT to be CCT primary circuit is also simulated using 3-D FEA. The re-
H(s) = L, < s ) ) sults for the primary circuit impedance using both 2-D and 3-D
Lo+ Lig \s+7rs/(Lm+ Lis) )~ analysis are equivalent, indicating that using 2-D analysis is suf-

The lower limit of the frequency response of the CCT is set licient in the characterization.
the magnetizing inductance. The valuelgf, can be increased The current flow for 3-D magnetostatic analysis is shown
by using a high permeability material like “supermalloy” to imin Fig. 6. As frequency increases, current flows closer to the
prove the low-frequency response. The upper frequency limit oanductors’ surfaces as shown in the 2-D current distribution
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Fig. 9. CCT insertion impedance for sinusoidal excitation. Comparison of
two-dimensional FEA with magnetic and air core, and theoretical results. (a)
P / ) Comparison of resistance. Resistance at 10 MHz is 1.98(FEA) and 1.0
~~~~~~~~~~~~ “ \ me2 (theoretical). (b) Comparison of inductance.

is kept low, avoiding core saturation. Fig. 8 shows the flux lines
in the transformer for a 50-kHz primary current. It can be seen
that the flux lines are mainly in the space between primary and
secondary windings. This distribution and, therefore, the trans-
former parameters, vary with the input frequency.

Primary

Out The variation of primary resistance and inductance for a fre-

e \
S i guency range from 1 Hz to 10 MHz is shown in Fig. 9(a) and
‘1 (b), respectively. At low frequencies, the core shielding effect of
the secondary is reduced and the primary circuit sees a high per-
Fig.8. Detail of flux lines plot for two-dimensional analysis at 400-A/50-kHZNe€ability flux path in the core. Also, the skin depth increases at
primary current. lower frequency. This causes the primary impedance to increase.
As the frequency increases, the flux path is relocated to out-

(Fig. 7). This contributes to a more flexible transformer desigiid€ the secondary winding (low permeability air) and, thus, the

since it can be constructed to adapt mechanically to given t8§mary inductance decreases. Primary resistance, on the other
setup dimensions. hand, increases with frequency as the conductor effective area

In the coaxial structure, magnetic flux inside the primary cif@duces due skin effect.
cuit determines the transformer insertion impedance. The cir-For higher frequencies, the core could be eliminated since it
culation of current in the secondary winding creates an opposite longer determines the flux levels in the transformer. How-
flux inside the core, having a shielding effect on the space ocawver, it is still important to assure the coupling between pri-
pied by the core. Two important facts arise from this shieldingary and secondary circuits. This fact is demonstrated using
effect. Firstly, the primary impedance is reduced since the &n input current peak of 400 A and determining the ratio be-
fective loop area is reduced. Secondly, the flux level in the cor@een primary and secondary currents (Figs. 10 and 11). Fig. 10
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Fig. 13. Coaxial transformer primary voltage at turn-on.

Fig. 11. Double-pulse test profile. (a) The time corresponding to the turn-on
and turn-off point. (b) Comparison of IGBT collector current measuremeftig. 11. The duration of the first pulse is controlled to build up
using an air core and magnetic core for the CCT. the desired current level in the load inductor. The turn-off char-
acteristics can be studied under this condition. The second pulse
shows that ideal primary to secondary ampere—turns ratio is dbused to study the turn-on commutation. The double-pulse se-
tained for frequencies over 2 Hz with the magnetic core. Thigience is triggered at a very low repetition rate to assure zero
frequency could be further reduced using higher permeabilityitial conditions.
core material. Without the magnetic core, the ampere—turns ratid=or evaluation of the CCT, the specific turn-on and turn-off
is close to unity only for frequencies over 20 kHz. The gain dfansients are indicated in Fig. 11 and expanded in Fig. 12. At
the CCT is lower than that given by the turns ratio because tthese instants, voltage drop across the transformer primary cir-
ratio between magnetizing and secondary leakage inductanceus is measured and the transformer primary impedance is cal-
smaller in the case of the air core. culated. Three different tests are performed. In the first test, the
The transformer insertion impedance does not change fmmplete CCT is used and the secondary current is measured.
high frequencies due the core shielding effect. Fig. 9 also showsis test condition is defined by the load and kept unchanged in
primary resistance and inductance for air core transformefl tests. In the second test, the core and secondary winding are
Only for low frequencies, the transformer parameters aediminated and the primary circuit is tested alone. Finally, only

changed with the use of an air core. the core is reinserted and the primary circuit is tested without
the shielding effect of the shorted secondary circuit.
V. EXPERIMENTAL RESULTS Since the load impedance mainly determines the current be-

o ) havior for the first and second test, the transformer insertion in-
A. CCT Characterization Using IGBT Test Setup ductance can be evaluated using the known current variation and
1) Insertion ImpedanceThe IGBT test setup is used to ex-measuring the transformer primary voltage. Fig. 13 shows the
perimentally evaluate the CCT parameters. With a fixed indu€CT primary voltage transients at turn on for the three different
tive load (225:H), a double-pulsed gate profile is applied to theases. Without the shielding effect of the secondary winding, the
IGBT. The collector voltage and current transients are showniimsertion inductance increases causing a higher primary voltage.
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Fig. 14. Coaxial transformer primary voltage at turn-off. Fig. 15. Measurement using the CCT for IGBT short-circuit test.
TABLE | )
PRIMARY |IMPEDANCE (AT 10 MHZz FOR FEA AND THEORETICAL) 1/(nT3ise), ONe can calculate an effective upper frequency of
30 MHz for the CCT measurements.
Case Calculation Resistance (m<) Inductance (uH) 2) Short-Circuit Test: A basic concern in any electromag-
Air Core; No Secondary Theoretical 10 73 netic measurement device is avoiding saturation of the magnetic
Finite Element 079 72 path. Saturation causes errors in the measured data. The CCT
Experimental 48 s structure results in very low flux values inside the core. Thus,
Mogacte Cores No Secondory  Theoreial o e no magnetic saturation is expected for a wide range of input cur-
iy rents.
Finite Element 5.2 144.3x10° , e . .
To evaluate the transformer’s ability in measuring higher cur-
Experimental 4.8 . . . . . .
rents, a short-circuit test is performed in which currents as high
Magnetic Core; With Secondary  Theoretical 1o 156 as 4000 A are allowed to flow for a short period of time. The
Finite Element 1.58 1.8

IGBT collector voltage and current are plotted in Fig. 15. One
Experimental 48 37 can observe that, even for high currents, the core does not satu
rate, preserving the measurement accuracy.

In the third case the core saturates causing the inductance arg) Alf €ore Transformer: The importance of the magnetic
therefore the voltage to decrease. The inductance reduceSQEf in coupling the primary and secondary circuits is outlined
only that of the primary circuit loop if the magnetic core is elimivhen current is measured using an air core transformer. In. this
nated. This causes reduction of the primary voltage for the saff?QOl_Ogy’ the same geometry of prlmary and secondary. wind-
current transient. For the complete CCT, the insertion indu29S IS used, but the magnetic core is replaced by an air core.
tance is even lower due the shielding effect of the second:fr&g' 11 shows the collector voltgge tran_5|ent and the measured
loop and the lowest voltage peak at turn-on is obtained. Tﬁ@lle(_:tor c;urrent for the magnetic and air core transformers. At
same behavior is obtained at turn-off as shown in Fig. 14. TH highdi/dt transients, the secondary current follows the pri-
primary circuit resistance is evaluated using voltage drop afpry current. Hoyvever, gfter the transient, _secondary current
current flow under on state after the switching transient cond]€¢@ys exponentially. This means that the air core transformer
tions. Using the turn-on and turn-off transients, the CCT insef ©Nly capable to measure extremely higlid? transients.

tion impedance is calculated, and the results for each case are o
summarized in Table I. B. MTO Characterization

The experimental measurement of the resistance is higher betThe test setup in Fig. 1 is used on the characterization of
cause it includes the contact resistance of the bus connectid$O devices. Fig. 16(a) and (b) shows measurement of the
The theoretical calculation for resistance does not take into &TO current for turn-on and turn-off transients of switgh re-
count the change in the current path due to the presence of $pectively. The high switching rates demonstrate the high band-
core or the secondary winding. Both theoretical and FEA avgdth of the test setup. In Fig. 16(ajj/dt is 188 Ajus and
s performed at 10 MHz. The frequency content during the eit-is significantly higher at turn-off, before the tail current in-
perimental measurement is different. The experimental data ferval. An interesting characteristic also captured by the pro-
inductance with the magnetic core and no secondary windipgsed current measurement scheme is the anode current peaking
causes the current profile in the switch to change. Hence, tteturn-off, caused by voltage transients in the gate—cathode
value of the inductance cannot be accurately measured withputction. Anode current peaking has been detected in similar ar-
additional current measurement in series with the power switcangements employing regular gate-turn-off (GTO) thyristors.
The capability to measure high-frequency content due to theBetter utilization of the power devices is one of the main fea-
large di/dt (2.2 kA/LS) is evident from Fig. 12. The measuredures of the resonant snubber structure. The placement of the
rise times in the set up are of the order of 10 ns. Using= snubber capacitor right across the device minimizes the stray
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proposed measurement system. Results for different types of ap-
plications, such as laminated bus for power modules and clamps
bus structure for press-pack setups, were presented along with
FEA of the CCT. These results show that this easily constructed
CCT can yield accurate results with a bandwidth from 2 Hz to
30 MHz with very low insertion impedance.
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Fig. 16. MTO switching waveforms measured using the CCT at a load current
level of 200 A. (a) Turn-on. (b) Turn-off.
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Fig. 17. Low-frequency current measurement using the CCT. The primary
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