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AbstractThe use of a co-axial current transformer(CCT) is inductance and resistance, and gain at different operating
an interesting choice for pulsed measurement of current through frequencies.
power devices during switching transients. The CCT is used to  T\wo different test setups were built - one for press-pack
reflect current for convenient external measurement with devices, such as MTO (MOS Turn-Off) thyristors [5] and the

minimal insertion |mpedance_|n_ the critical power circuit. This other for power modules, such as IGBT [6]. Both setups use
paper analyzes the characteristics of the CCT and explains how . "~ . .
similar CCT structure. Analytical, numerical, and

it can be integrated into test setups for both press-pack and X . .
module packages. Finite element techniques are applied to theeXPerimental results are presented in this paper.
study of the CCT to obtain detailed electrical and magnetic

characteristics. Current distribution in the primary and Il. TESTSETUP DESCRIPTION

secondary circuits, flux densities and insertion inductance and L . .
resistance are among the design information that can be |he test power circuit consists of a commutation cell,

obtained through finite element analysis. Analytical and Which reproduce the transient experienced by the switching
numerical results are obtained for the proposed CCT that is device. A cascade connection of two current transformers is
integrated in test setups for MTO thyristors (press-pack) and used for current measurement as shown in Fig. 1. The CCT is
HVIGBT (module) characterization. inserted directly in the power circuit. The transformer

Keywords- Current measurement, Co-axial current transform&MPIoys a wound tape toroidal core. The secondary winding
Semiconductor device characterization, Finite element analysis. corresponds to 10 turns of copper tape wound around the
toroidal core. The primary side of the transformer was built

|. INTRODUCTION by machining a toroidal shape from a solid copper bar, with

. . the proper dimensions to accommodate the transformer core
The development of power semiconductor devices that a secondary winding

capable of switching at high frequencies and high power
levels has created a challenge for building device testing &nd Press-Pack Devices
characterization setups with high bandwidth, current, andT
voltage range. Insertion of a current measurement device \|,|a
series with the power switch adds significant parasi
inductance to the power circuit, modifying the device curre
yvaveforms _dunng . SW'tCh'ng. transients. Adc_jmon of St.raé’onnected IGBT and fast recovery diode are employed as the
inductance is particularly critical in topologies employmgnubber switch (T
resonant snubber structures. '

The alternatives available for current measurement are co- i
axial current shunts, Rogowski coils, current transformer, and o o 3 -
Hall sensors based current probes [1,2]. However, for the test
and characterization of power switches, co-axial current
shunts and Rogowski coils are commonly used [3]. The CCT P
[1,4] is an interesting choice for measurement of the current
through power devices since the co-axial structure of the v, —_
primary circuit leads to extremely low insertion inductance. =
This paper analyzes the characteristics of the current L
measurement device and explains how it can be integrated '
into a test setup for both press-mounted and module packages
to achieve high power and high bandwidth measurements.
Finite element techniques are applied to the study of the CCT :
to obtain design information on current distribution in the Fig. 1. High power (pulsed) test setup circuit employing
primary and secondary circuits, flux densities, insertion MTOs (MOS Turn-Off Thyristors)

he high power (pulsed) test setup implemented for the
luation of the resonant snubbers in current source
nverter topologies is depicted in Fig. 1. MTO devices are
ployed in the main switches ;(2and $). A series
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Fig. 2. Detail of assembly of the CCT for press-pack devices.
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Variable
Voltage Control signals one leg on a hard-switched voltage source inverter. The test
(0-120¥) setup is a buck converter for characterization of the IGBT

Fig. 3. The test setup for the hard switched voltage sou%m‘er IemOdUIe' The- CCT is mounted on .the negative dC. bus,
using IGBT modules. Petween the high frequency _dc capacitors and the emitter of
the IGBT module as shown in Fig. 4. In case of low power
The test circuit in Fig. 1 is capable of reproducing boghodules, it is possible to connect the center post of the CCT
passive and active commutation sequences with minimgfrectly to the power connections of the module. High current
hardware and control complexity. In this circuit, the snubbgf/|IGBTs have multiple emitter and collector power
driving voltage is set for optimal commutation conditiongonnections. Using the CCT in the dc bus results in better
with the snubber driVing VOItage derived from the center tgmmetry in the impedance seen by the power terminals of
of the input supply ¥. Near optimal commutation conditionghe module. The IGBT is switched in a double pulsed manner
can be set by introducing an independent supply to set thetudy the switching characteristics.
snubber driving voltage or by splitting the input voltage in
multiple levels [5]. 1. ANALYSIS OF CCT
Fig. 2 shows a detail of the power setup for press-pack S ]
devices illustrating the connection of the primary winding of Theé CCT can be simplified as long co-axial tubes for the
the CCT to the MTO. Notice that this arrangement allows tRigrPose of analytical investigation. The different radii of the
measurement of the current through the power device offyT'S Cross-section are shown in Fig. 5. The flux linkage in
and does not include the snubber capacitor current. -ﬁp,%CCT is calculated_ assuming that current flows _umformly
current through the shorted secondary winding of the Co_a)mi}hese tubes. T_he thickness of the tubes is determined by the
transformer is then measured using a commercial cur@df depth at a given frequency. _
transformer (Pearson 411). The total gain of the casc_ad@he flux linkage of the primary winding consists of leakage

connection is 0.01V/A (with the oscilloscope at @Mnput " the center conductor, leakage in the gap between the
impedance). primary and secondary, mutual flux, and leakage in the outer

primary conductor. The mutual inductance is given by

HMeorh
For power modules like IGBTs, the CCT is mounted Lm= CZO;T In%ﬁ% 1)

directly on the laminated bus connection to the lower IGBT
emitter terminal as shown in Fig. 3. The test setup consistswiiere h is the height of the CCT.

B. Module Package Devices
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The leakage inductance of the primary winding can Hemensional finite element analysis. The results for the
primary circuit impedance using both two and three-
dimensional analysis are equivalent indicating that using two-

calculated to be
dimensional analysis is sufficient in the characterization
The current flow for three dimensional magnetostatic

4 [T r2 rl 2.2 2[]
%rzz_rf 2 % In E"’ -1
analysis is shown in Fig. 6. As frequency increases, current
flows closer to the conductors’ surfaces as shown in the two
dimensional current distribution (Fig. 7). This contributes to a

+
Inm E»« In _ |
%‘Wn % re-ry" r(rr )% @) more flexible transformer design since it can be constructed
(rg r7 L, 877 to adapt mechanically to a given test setup dimensions.

The flux leakage due to the end connection in the primary
winding is neglected in this analysis, but is considered in the
3D FEM analysis. If the secondary shields the entire core
area, then there is no leakage inductance associated with the
secondary in a co-axial 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 skin depth in the windings

is given by

/ 2
0=\ |—— . 3
W GO Heopper ( )

The resistance of the primary winding can be calculated using

_P_ . _ﬁ L (20
o - Ty - 17 * 2h5|nﬂ [ﬂ] (4)
The resistance of the secondary tape is calculated ignoring the
skin effect because its thickness is designed to be smaller than @
the skin depth at the maximum frequency considered.
Using a simple model of a transformer with winding i
resistance, leakage inductance, and mutual inductance we 1
calculate the primary current to secondary current transfi raly -
characteristics of the CCT to be JJ {| 1t ¢ f
[ N e My L4
Lm D S D £ hon I| Ir-..-l--“.l-_l '
| - 1
H(S) L + LIS B + g/(L +LIS)|:| (5) A = II |Il.r.rf ir-r?ll 1!
| A
The lower limit of the frequency response of the CCT is s¢ l 1_ ,ll-u L) L1y
by the magnetizing inductance. The value gf tan be b __' g '”..I ;H o ) '
increased by using a high permeability material like ¥ o r_f *-'{ "; %t d
'supermalloy' to improve the low frequency response. Tt | | J. "”"_j..-,’ ! W H-
upper frequency limit on the measurement is determined t | - ! I werfe ] || I 4
parasitic capacitance of the windings, and shielding effect A _§n o "'] = |4
the core used in the setup [7]. s | i
o HH
|
IV. FINITE ELEMENT ANALYSIS I} .ll
Finite element analysis has been carried out to verify ar
' (b)

define the design procedures of the CCT. An eddy-current

finite element simulation package is used to simulate the

transformer behavior supplied by a high frequency AGig. 6. Geometry of the CCT primary showing magnetostatic solution
(a) Current flow at the end section. (b) Three dimensional primary

current.
In this paper, finite element results are obtained mainl{yinding showing current flow

using a two dimensional model for the current transformer
The CCT primary circuit is also simulated using three
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Fig. 7. Detail of current density contour plot for two-dimensional analysis  Fig. 8. Detail of flux lines plot for two-dimensional analysis at 400A/
at 400A/ 50kHz primary current. 50kHz primary current.

In the co-axial structure, magnetic flux inside the primarytio is obtained for frequencies over 2Hz with the magnetic

circuit determines the transformer insertion impedance. Tdige. This frequency could be further reduced using higher
circulation of current in the secondary winding creates parmeability core material. Without the magnetic core, the

opposite flux inside the core having a shielding effect on thepere-turns ratio is close to unity only for frequencies over
space occupied by the core. Two important facts arise framkHz. The gain of the CCT is lower than that given by the

this shielding effect. Firstly, the primary impedance isrns ratio because the ratio between magnetizing and
reduced since the effective loop area is reduced. Secondlystésbndary leakage inductance is smaller in case of the air
flux level in the core is kept low avoiding core saturatiogore,

Fig. 8 shows the flux lines in the transformer for a 50kHzThe transformer insertion impedance does not change for
primary current. It can be seen that the flux lines are mainlgh frequencies due the core shielding effect. Fig. 9 also
in the space between primary and secondary windings. Tdiews primary resistance and inductance for air core
distribution and therefore the transformer parameters vamnhsformer. Only for low frequencies the transformer

with the input frequency. parameters are changed with the use of an air core.
The variation of primary resistance and inductance for a
frequency range from 1Hz to 10MHz is shown in Figs. 9(a) V. EXPERIMENTAL RESULTS

and (b) respectively. At low frequencies, the core shielding L _
effect of the secondary is reduced and the primary circuit sees CCT Characterization using IGBT Test Setup

a hlgh permeability flux path in the core. Also, the skin depthl) Insertion impedance]’he IGBT test setup is used to
increases at lower frequency. This causes the primaRperimentally evaluate the CCT parameters. With a fixed
impedance to increase. As the frequency increases, the ifidXctive load (225pH), a double pulsed gate profile is
path is relocated to outside the secondary winding (IQ§plied to the IGBT. The collector voltage and current
permeability air) and thus the primary inductance decreasgsmsients are shown in Fig. 11. The duration of the first pulse
Primary resistance, on the other hand, increases Wilkontrolled to build up the desired current level in the load
frequency as the conductor effective area reduces due gkifiictor. The turn-off characteristics can be studied under this
effect. o _condition. The second pulse is used to study the turn-on
. For higher frequencies, the core could_be eliminated siReBnmutation. The double pulse sequence is triggered at a
it no longer determines the flux levels in the transformgry jow repetition rate to assure zero initial conditions.
However, it is still important to assure the coupling betweengor evaluation of the CCT, the specific turn-on and turn-off
primary and secondary circuits. This fact is demonstrajeghsients are indicated on Fig. 11 and expanded in Fig. 12. At
using an input current peak of 400A and determining the rafi@se instants, voltage drop across the transformer primary
between primary and secondary currents (Figs. 10 and kbt is measured and the transformer primary impedance is
Fig. 10 shows that ideal primary to secondary ampere-turnggcylated. Three different tests are performiedthe first

test, the complete CCT is used and the secondary current is
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Fig. 9. CCT insertion impedance for sinusoidal excitation. Comparison of Time (us)

two dimensional finite element analysis with magnetic and air core, and ] ) ]
theoretical results. (a) Comparison of resistance. Resistance at 10MHzids11. Double pulse test profile. (a) The time corresponding to the turn-on

1.58n02 (FEA) and 1.0r (Theoretical). (b) Comparison of inductance. ~ and tum-off point. (b) Comparison of IGBT collector current measurement
using an air core and magnetic core for the CCT.

measured. This test condition is defined by the load and kept.
unchanged in all tests. In the second test, the core 4
secondary winding are eliminated and the primary circuit
tested alone. Finally, only the core is reinserted and
primary circuit is tested without the shielding effect of t
shorted secondary circuit.

Since the load impedance mainly determines the currf

gher primary voltage. In the third case the core saturates
using the inductance and therefore the voltage to decrease.
e inductance reduces to only that of the primary circuit
Qop if the magnetic core is eliminated. This causes reduction
of the primary voltage for the same current transient. For the
Enplete CCT, the insertion inductance is even lower due the
behavior for the first and second test, the transfor elding effect (.)f the s_econdary loop and th? Io_vvest vpltage
insertion inductance can be evaluated using the known curRﬁﬂk at turn-on Is _obtf_;uned. The same beh_aV|c_>r IS (_)btamed_ at
variation and measuring the transformer primary voltage. A .n—off as sh_own in Fig. 14. The primary circuit resistance is
13 shows the CCT primary voltage transients at turn on raluated using voltage_drop anq_current .ﬂOW under on state
the three different cases. Without the shielding effect of e the switching transient conditions. Using the turn-on and

secondary winding, the insertion inductance increases caudh] -off transients, the CCT insertion 'mp?da”‘?e is calculated
and the results for each case are summarized in Table 1.
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Fig. 13. Co-axial transformer primary voltage at turn-on.
_ _ ~_frequency of 30MHz for the CCT measurements.
The experimental measurement of the resistance is higher

because it includes the contact resistance of the bud) Short circuit test: A basic concern in any
connections. The theoretical calculation for resistance d&t&Stromagnetic measurement device is avoiding saturation of
not take into account the change in the current path due tolfifemagnetic path. Saturation causes errors in the measured
presence of the core or the secondary winding. p&@ta. The CCT structure results in very low flux values inside
theoretical and finite element analysis is performed the core..Thus, no magnetic saturation is expected for a wide
10MHz. The frequency content during the experiment@nge of input currents. ' o , ,
measurement is different. The experimental data forT© evaluate the transformer's ability in measuring higher
inductance with the magnetic core and no secondary Windﬁt@rents, a short circuit test is performed in which currents as
causes the current profile in the switch to change. Hence, i @s 4000 A are allowed to flow for a short period of time.
value of the inductance cannot be accurately measufé§ IGBT collector voltage and qurrent are plotted in Fig. 15.
without additional current measurement in series with tR¥1€ can observe that even for high currents, the core does not
power switch. The capability to measure high frequengturate preserving the measurement accuracy.

content due to the large di/dt (2.2k&) is evident from Fig.

12. The measured rise times in the set up are of the order of

10ns. Using = 1/(rT;s¢) ONe can calculate an effective upper
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TABLE |
PRIMARY IMPEDANCE (at 10 MHz for FEA and theoretical)
Case Calculation Resistance (@) Inductance (nH)
Air Core; No Secondary Theoretical 1.0 7.3
S Finite Element 0.79 7.2
%A Experimental 4.8 135
§ E‘: Magnetic Core; No Secondary Theoretical 1.0 288x10
% E Finite Element 5.2 144.3x30
:—‘% 5 Experimental 4.8
g ‘8 Magnetic Core; With Secondary Theoretical 1.0 1.56
é E Finite Element 1.58 18
8 Experimental 4.8 5.7
< 150 —
Primary
current

0 5 10 15 20 25 30 35 40 45 50 100
(b)

Time (us) 50 | Secondary
current

Fig. 16. MTO switching waveforms measured using the CCT at a load ( )
x10

current level of 200A: (a) Turn-on; (b) Turn-off.

3) Air core transformerThe importance of the magnetic core

in coupling the primary and secondary circuits is outlined

when current is measured using an air core transformer. In
this topology, the same geometry of primary and secondary
windings is uses but the magnetic core is replaced by an air 0!
core. Fig. 11 shows the collector voltage transient and the
measured collector current for the magnetic and air core
transformers. At the high di/dt transients, the secondary B TR TRETIT

. 4 6 8 10 12 14 16 18 20
current follows the primary current. However, after the Time (ms)

transient, Secondary current decays eXponentla”y This m 17 Low frequency current measurement using the CCT. The primary

that the air core transformer is only capable to measbﬁgﬁent is 95A rms at 60Hz. The secondary current is 9.2A rms and the phase
extremely high di/dt transients. error is 4.3,

Current (A)

50

B. MTO Characterization C. Low Frequency Characterization

The test setup in Fig. 1 is used on the characterizatiorFodm the response of the CCT shown Fig. 10, it has gain of
MTO devices. Figs. 16 (a) and (b) show measurement of &3 at 2Hz. The CCT shows onset of saturation at 0.5Hz and
MTO current for turn-on and turn-off transients of switgh Sprimary current of 0.5A rms. The CCT was tested at 60Hz
respectively. The high switching rates demonstrates the Higgguency to obtain itgyain using a large signal at low
bandwidth of the test setup. In Fig. 16(A), di/dt is 18@sA/ frequency excitation. Fig. 17 shows that the CCT can carry
and it is significantly higher at turn-off, before the tail currestirrents up to 95A rms at 60Hz. The current gain is close to
interval. An interesting characteristic also captured by tite ideal value and phase error is’A860Hz.
proposed current measurement scheme is the anode current
peaking at turn-off, caused by voltage transients in the gate-
cathode junction. Anode current peaking has been detected #in  accurate current measurement technique for
similar arrangements employing regular GTO thyristors.  characterization of high power semiconductor devices has

Better utilization of the power devices is one of the madeen proposed and studied in detail. The basic component is a
features of the resonant snubber structure. The placementogfxial current transformer, characterized by its low
the snubber capacitor right across the device minimizes ithgertion resistance and inductance. Analytical and
stray inductance in this loop and the associated peak poemmputational models (2-D and 3-D) have been developed
dissipation at turn-off. Notice the negligible voltage spike and used in the determination of the CCT parameters and
Fig.16(b). This characteristic confirms the low insertidpandwidth. Experimental results confirm the predicted wide
impedance of the CCT and its adequacy for measurementaindwidth and low insertion impedance of the proposed
very low inductance circuits, such as the capture of transig@asurement system. Results for different types of
device current in topologies employing resonant snubber. applications, such as laminated bus for power modules and

VI. CONCLUSION
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clamps bus structure for press-pack setups, were presented
along with finite element analysis of the CCT. These results
show that this easily constructed CCT can yield accurate
results with a bandwidth from 2Hz to 30MHz with very low
insertion impedance.
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