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Abstract—In an increasing number of application areas and in-
dustry sectors, such as the automotive, aerospace, military or oil
and gas industry, a trend towards higher ambient temperature
rating from 85 °C upwards for electrical machines and power elec-
tronic converters can be observed. To reduce the impact of high
ambient temperatures on the power density, the interest in power
electronic converters with SiC power semiconductors operated up
to a junction temperature of 250 °C rises. The control of power
electronic converters typically requires a precise, fast, and robust
current measurement. However, analyzing current measurement
concepts from the literature reveals that there is a lack of measure-
ment systems, that are galvanically isolated and able to measure
dc and higher frequency ac currents fast at high ambient temper-
atures of 250 °C. In this paper, a current measurement concept of
a bidirectionally saturated current transformer is presented, that
is able to measure dc and sinusoidal ac up to 1 kHz and 50 A at an
ambient temperature of 250 °C with an relative error of 2.6 % and
less than 0.5% error after initial calibration. Furthermore, a pro-
totype is designed, built, and used for the experimental verification
of the concept.

Index Terms—Current measurement, current transformers.

I. INTRODUCTION

TREND towards higher ambient temperature rating from
85 °C upwards for electrical machines and power elec-
tronic converters can be observed in an increasing number of
application areas and industry sectors [2]-[4]. The automotive
industry with the growing interest in hybrid electric vehicles
(HEVs) [5], [6], the military or aerospace sector with future
ambitious expeditions to, e.g., the Venus [7] or the oil and gas
industry with the exploration of deeper reservoirs [8] can be
given as examples.
Most state-of-the-art actual power electronic converters fea-
ture silicon (Si) power semiconductors and thus their junction
temperature is subject to an upper temperature limit between 150

Manuscript received September 10, 2012; revised November 25, 2012;
accepted January 28, 2013. Date of current version May 3, 2013. Recommended
for publication by Associate Editor C. R. Sullivan.

B. Wrzecionko and J. W. Kolar are with the Power Electronic Systems Labo-
ratory, Swiss Federal Institute of Technology Zurich (ETH Zurich), Zurich 8092,
Switzerland (e-mail: wrzecionko@lem.ee.ethz.ch; kolar@lem.ee.ethz.ch).

L. Steinmann was with the Power Electronic Systems Laboratory, Swiss Fed-
eral Institute of Technology Zurich (ETH Zurich), Zurich 8092, Switzerland. He
is now with Sensirion AG, 8712 Stifa, Switzerland (e-mail: slukas @ee.ethz.ch).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TPEL.2013.2247632

and 175 °C [9] due to the high intrinsic charge carrier concen-
tration of Si for temperatures exceeding 175 °C [10]. In order to
effectively remove the heat dissipated by the power semiconduc-
tor switches and maintain a reasonable size of the cooling system
and thus reduce the impact of the high ambient temperature on
the power density, a sufficiently large temperature difference
between the semiconductor junction and the ambient has to be
maintained. With silicon carbide (SiC), a new material that can
be used for power semiconductor switches has become avail-
able. SiC switches are capable of significantly higher operating
temperatures up to 400 °C [11]. Novel joining and bonding tech-
nologies such as low-temperature sintered silver die attachment
and copper bonding instead of aluminum bonding are currently
investigated and promise considerably improved reliability for
thermal cycling with increased temperature swing [12]-[14].

Considering the example of an ambient-air-cooled power
electronic dc—ac drive inverter for HEVs mounted under the
engine hood [15], an ambient temperature of 120 °C can be
assumed for the converter [5], [6]. To maximize the chip utiliza-
tion and power density, a junction temperature around 250 °C
for typical SiC power semiconductors at 120 °C ambient tem-
perature has been shown to be close to the optimum junction
temperature [16].

This means, also the signal electronics (including the current
and voltage measurement), the passive components like dc-link
capacitors as well as the components of the air-cooling system
such as thermal interface materials, heat sinks, and fans need
to withstand these harsh temperature conditions. For the sig-
nal electronics and passives, a converter setup dealing with the
challenges induced by 120 °C ambient and 250 °C junction tem-
perature is shown in [15] where the signal electronics and pas-
sives are thermally isolated from the power semiconductors and
remain at the ambient temperature level of 120 °C. Thermally
conductive interface materials are available up to 300 °C [17],
heat sinks are typically made of aluminum or copper and thus
can withstand these temperatures as well. An automotive fan for
operation at an ambient temperature of 250 °C, that offers a com-
parable fluid dynamic performance for power electronics cool-
ing as the best-in-class conventional fans, is presented in [18].

For a high-quality control of a power electronic converter,
ideally the current is measured precisely and without time delay
and/or with a high bandwidth. To avoid letting the load current
flow through the thermally shielded part of the signal electronics
part, the current can be directly measured at the power semicon-
ductor packages, and hence the measurement needs to withstand
temperatures of up to 250 °C [15]. Given the previous example

0885-8993/$31.00 © 2013 IEEE
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Fig. 1. (a) Photograph of the bidirectionally saturated current transformer [1]
mounted on a discretely packaged SiC power semiconductor switch. (b) PCB
with signal and small power electronics to magnetize the current transformer
core from its secondary side. The PCB also contains connectors to the trans-
former itself and to the digital control platform of the overall converter system
which employs the system for current measurement system.

[15], for the signal electronics that comes possibly with a cur-
rent measurement system, an ambient temperature capability of
around 120 °C is sufficient if the control of the current measure-
ment system can be separated from the actual measurement at
the power semiconductors.

In recently published high-temperature converter systems
such as [15] and [19], the current is measured using shunts that
operate at 250 °C. The analog—digital converter (ADC) required
for the digital control of the drive inverter can be placed in a
thermally shielded signal electronics box operating at 120 °C.
Shunts offer an easy and cheap measurement of both dc and
ac currents (providing the option of monitoring the dc current
drawn from the battery and the variable frequency ac output
currents shaped by the inverter of an HEV using the same tech-
nology), but they are not galvanically isolated and thus their
voltage signal must be isolated if the shunt potential can be dif-
ferent from that of the signal processing electronics. Addition-
ally, shunts require for accurate operation over large temperature
ranges a temperature compensation due to the temperature drift
of the resistance. Furthermore, the voltage measured at their
terminals can be easily distorted by EMI occurring in switch
mode power electronic converters, especially when mounted
close to the power semiconductor switches. If the measured
current ranges from small to very large values, the resistor has
to be chosen sufficiently high so the currents still lead to a mea-
surable voltage while at the same time, large resistor while at
the same time, large currents at the opposite end of the measure-
ment range will lead to high power losses and thus even higher
temperatures of the resistor.

Alternative current measurement concepts are shown in
Fig. 2. For high ambient temperatures of 250 °C, Hall effect,
magnetoresistive, and magnetoptical sensors cannot be used due
to individual technological temperature limits. The concepts uti-
lizing the magnetic flux in a coil or magnetic core caused by the
current to be measured are generally more suitable for higher op-
erating temperatures as the technology involved (windings and a
ferro- or ferrimagnetic core) is available for these temperatures.
However, some options of them suffer from other disadvantages:
Rogowski coils and current transformers can only measure ac
down to a lower cutoff frequency due to their operating principle
based on the change of the magnetic flux. At low vehicle and
thus rotational speeds of the electrical drive, the frequency of
the output current in the range of less than 1 Hz is likely to be
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TABLE I
SPECIFICATIONS OF THE CURRENT MEASUREMENT SYSTEM

Bidirectionally Saturated Current Transformer

Current Measurement -50 .. 50A
Sin. Current Frequency Range 0 .. 1kHz
Min. Measurement Frequency 50kHz
Max. Op. Temperature 250°C
Outer Diameter! 6.5 mm
Inner Diameter! 2.9 mm
Height' 5.5mm

Ilncluding secondary winding.

below the lower cutoff frequency of the coil or the transformer.
A Fluxgate sensor can generally be used for dc and ac measure-
ments at high temperatures, but the upper cutoff frequency of
the sensor is very limited by the control of the saturable inductor
sensing the magnetic flux of the gapped core.

In this paper, the novel current measurement concept is based
on a “bidirectionally saturated current transformer” is presented
in Table I, which allows fast measurement also of sinusoidal
currents at high ambient temperatures of 250 °C for power elec-
tronic converters with medium switching frequencies and nearly
sinusoidal output currents (e.g., due to a high load inductance).
The introduced concept shares some common features with the
dc current transformer that is known for many years [20]-[22]
but to make it suitable for measuring sinusoidal currents with
frequencies of up to 1 kHz, it shows a modified magnetic de-
sign and is directly hardware controlled enabling significantly
faster measurement than the usual dc measurement concepts
and thus allowing to measure ac as well. The physical values
measured to determine the current are also different to previ-
ously published concepts in order to eliminate any influence of
the temperature. In Section II, the measurement principle, the
differences to known concepts based on current transformers
and the guidelines for selecting dimensioning a magnetic core
for this measurement system are shown in detail. Subsequently,
the realization and experimental verification of a measurement
system are presented in Sections III and IV, respectively.

II. MEASUREMENT SYSTEM
A. Measurement Principle

The basic physical setup of the current measurement system is
shown in Fig. 3(a). The current 7, which is to be measured is fed
through a toroidal core made of ferro- or ferrimagnetic material
with IV, primary turns. Provided the magnetic permeability s
of the core is by orders of magnitude higher than that of the
surrounding medium (e.g., air), turnes. The unknown primary
current 4;, that is to be measured causes a magnetic field strength
that is given by

iy - N

lHl

H, = (M)
where [;;, denotes the average length of the magnetic path in the
core. The core radius and the saturation magnetic field strength
H,.,; of the core material are chosen so small that the minimum
current ¢, iy that has to be measured leads to saturation of the
core, i.e., to a value of H, > Hy,;.
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Fig. 2.

Overview of state-of-the art current measurement concepts: for ac and dc measurements in high-temperature applications, currently often shunts are

used. Their measurement signal is not galvanically isolated, suffers from a temperature drift and can be easily distorted by EMI. For high ambient temperatures of
250 °C, Hall effect, magnetoresistive, and magnetoptical sensors cannot be used due to individual technological temperature limits. Rogowski coils and current
transformers can only measure ac down to a lower cutoff frequency. The concepts utilizing the magnetic flux in a coil or magnetic core caused by the current to
be measured are generally more suitable for higher operating temperatures. The new concept introduced in this paper is the “saturated current transformer,” that is
able to measure dc and sinusoidal ac up to 1 kHz and 50 A at an ambient temperature of 250 °C.

I

(a) (b)

Fig. 3. (a) Basic physical setup of the bidirectionally saturated current trans-
former: the (primary) current 4;, to be measured is fed through a toroidal core
that also carries a secondary winding. (b) Basic measurement principle: the pri-
mary current is determined using the mean value of the secondary currents that
are needed to reach the coercive magnetic field strength +H . of the hysteresis
loop.

As can be seen from Fig. 3(b), H}, can be calculated using the
differences AH; and A H, in the magnetic field strength from
H,, to the coercive magnetic field strength H.:

_ AH, + AH,

H, 5

@)
The toroidal core also carries a secondary winding with Nj
turns, driven by a full bridge (cf. Fig. 4) causing a secondary
current ¢5 and a secondary magnetic field strength H in the
core. The H-bridge is controlled such that the full hysteresis
loop is traversed within one pulse period of the H-bridge by
the magnetic field strength H; which is superimposed on H,,.
During traversing the hysteresis loop, the currents i5; and g9
corresponding to — H, and H, respectively, are measured using
the shunt Ry and with

Ale;

AH, :LNS, 3)

lﬂl

Fig. 4. Circuit diagram of the current measurement setup: the bidirection-
ally saturated current transformer is magnetized by a primary current 4;,. The
secondary winding on the toroidal core of the transformer is connected to an
H-bridge and the secondary current iy is measured by a shunt Rg. The gray
current paths correspond to the current waveform shown in Fig. 5(b).

i, can be finally calculated as

Ns Z.s +is2
=N 17 “)
p

Hence, the magnetic setup should be viewed more an sensing
element that senses the primary magnetic field H, and thus the
current 4, that is to be measured by the use of a secondary
magnetic field Hy caused by an impressed secondary current i
than as an actual current transformer.

In Fig. 5(a) and (b), the idealized traversing of the hysteresis
loop is shown in detail. The single-phase inverter in Fig. 4 starts
to apply the dc-link voltage V.. to the secondary winding on the
toroidal core at £,. As the core is saturated by 7, and thus shows
arelative permeability close to unity, the current ¢; will rise fast.

Assuming that the direction of ¢ leads to a flux that is oppos-
ing the flux caused by ¢, the increase will become less steep
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Traversing the B(H ) hysteresis loop by proper modulation of the H-bridge shown in Fig. 4: the different operating points of the bidirectionally saturated

current transformer within one pulse period of the H-bridge on the secondary side are shown on the hysteresis loop (cf. (a)) and secondary current waveform (cf.

(b))

once the sums of H}, and H add up to a value in between —H,
and H. which happens at time instant ¢1. At ts, is(t = t3) = i
needs to be measured. With a further increase in 44, the core will
reach saturation again at ¢, leading to a steep increase in ¢, until
a predefined current limit is reached and the voltage applied to
the secondary winding is reversed at ¢4 and the hysteresis loop is
traversed in the opposite direction, measuring is(t = tg) = iso
and having is(t = t9) = 0 at ty where the switching period of
the H-bridge starts again.

If the previous assumption that H}, and Hy are in opposite
direction is wrong, the core will be saturated even further in
the direction of H,. Thus, the current limit of 4 (either 7y,
or —iy,ax) Will be reached without desaturation of the core and
thus also without any measurement of the secondary current and
the H-bridge reverses the voltage so that the measurement cycle
can start as described previously.

It can be seen in Fig. 5(b) that the time difference between
t7 and t5 is smaller than between ¢3 and t;. The reason for
this fact is illustrated in Fig. 6: when V.. is applied to the
secondary winding such that ¢, rises [cf. Fig. 6(a)], the voltage
drop caused by 5 across the parasitic resistances (drain—source
on-resistance Rpg o, of the MOSFETS in the H-bridge and
the winding resistance R.,) and across the shunt Ry reduces
the voltage vy, applied to the secondary winding. Hence, it takes
longer to build up the same inductor current, than it takes to make
the inductor current decrease by applying V. in the opposite
direction. This is true because i, still flows in the same direction
for both cases, but in the latter case, the voltage drop across
the on-resistances of the other pair of switches and across Ry is
added to V.. and only the voltage drop across R., reduces vy,
and thus the slope of i5 between ¢; and t3.

This phenomenon can also be explained by the following
consideration: the shunt is placed in the dc-link, and the load
is purely inductive, if losses are neglected. Hence, the current
through (or voltage across) the shunt should be free of a direct
component. The second lowest waveform in Fig. 10 shows the

— [
Rps,on L ; T3 T | ? Rps,on
— —

e L L
— |
o o
T JE; [] Rps,on Rps,on |:| JE; vl
Ry D Ry
@) (b)

Fig. 6. Difference in inductor voltage depending on the switching state of the
H-bridge: for a given direction of the primary current i;,, the direction of the
secondary current i is independent of the switching state of the H-bridge, when
the core is not saturated (i.e., during the time interval between ¢; and ¢3 as well
as between t5 and ¢7). Hence, in one switching state (a), the voltage vy, applied
to the inductor is V.. minus the ohmic voltage drops occurring due to Rps on»
Rs, and R, and in the other switching state (b) vy is the negative sum of
Vee and the voltages over Rpg on» s, and R, . This means that the absolute
voltage applied to the inductor is larger between ¢7 and 5 than between ¢3 and
t1 and hence, the time interval between ¢7 and ¢5 is smaller than between t¢3
and ¢7 in Fig. 5.

shunt voltage for the secondary current as in Fig. 5(b). It can
be seen that the direct component in the shunt voltage v is
introduced only by the difference in time that is spent in the
region where the core is not saturated, and is finally caused by
the losses in the parasitic resistances.

B. Major Differences to Other Current Transformer Concepts

Measuring the secondary current at +H.. is a significant dif-
ference to [21] where the secondary current is measured when
the core starts to saturate. The latter is difficult to realize with
typical ADCs as the current rises very fast once the core is sat-
urated. How the crucial task of finding the right point in time
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Fig. 7. Filtered hysteresis loop of “Vitroperm S00F” measured at 25 kHz and
25 and 250 °C using a “T60006-L2009-W914” core [22]. The material has been
chosen because of a high y, of up to 150 000, a low coercive and saturation
magnetic field strength as well as a high operating temperature capability of
up to 300 °C and a comparably high temperature invariance of these magnetic
parameters. Furthermore, the commercial cores available are tape wound and
hence, the core dimensions can be easily adjusted to meet the needs of the
experimental prototype of the bidirectionally saturated current transformer.

to sample the secondary current for the measurement principle
presented in this paper can be tackled is shown in Section III-D.

In [21], it is proposed to calculate the primary current by
measuring the time to saturation. The saturation flux density,
which shows a significant temperature dependence for typical
ferro- or ferrimagnetic core materials (cf., e.g., the hysteresis
loop in Fig. 7), is needed in the resulting equation for 4, though.
It can be seen from (4) that the measurement of ¢, in the concept
shown in this paper is invariant against temperature changes of
the core as IV and IV, are temperature independent.

For an ideally lossless core material, the area enclosed by
the hysteresis loop would be zero leading to H. = 0 and the
difference in 75, and i59 would vanish. In reality, measuring sy
and 759 to find the mean value can lead to a more precise calcu-
lation of 4}, using (4). Especially for high bandwidth and/or high
excitation frequencies, this is particularly important due to |H. |
increasing with frequency. Taking the width of the hysteresis
loop into account when calculating the primary current is one
important difference to [22].

C. Transformer Core

The choice of the transformer core material and design is
crucial for the fast and precise operation of the current mea-
surement system at ambient temperatures of 250 °C. It must be
made sure that the important material parameters mentioned in
this section are assessed in the whole temperature range from
—40°C to temperatures above 250 °C as the core heats up to
temperatures higher than the ambient temperature due to the
losses occurring when traversing the hysteresis loop.

1) Relative Permeability j1,.: As shown in Section II-A, the
current is determined by measuring the secondary current i at
time instants ¢, and ¢, when the magnetic field strength in the

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 28, NO. 11, NOVEMBER 2013

core equals = H,. The increase in secondary current around H.
is small because the core is not saturated, hence its inductance
value

All’l

b

L = peproNZ -

&)

where 14 is the magnetic constant and Ay, is the cross section of

the core, is proportional to the relative permeability p,. Hence,

the slope of the secondary current
T ©)

t L

can be reduced by increasing the relative permeability p,. This

helps to decrease the measurement error, which is introduced if

15 is measured slightly too early or late.

2) Coercive Magnetic Field Strength H.: In many other cur-
rent measurement concepts utilizing two-winding inductors, the
coercive magnetic field strength H. causes a measurement er-
ror [22]. As pointed outin Section II-B, this error is compensated
in the presented concept by measuring is; and igo. Still, |H.|
should be chosen as small as possible in order to reduce the
losses and thus the self-heating of the core when traversing the
hysteresis loop.

3) Saturation Magnetic Field Strength Hg,;: As explained
in Section II-A, the core needs to be saturated for a precise
measurement of the primary current. Hence, Hy,; should be as
small as possible as can be shown by

lHl
=2 He.. 7
w, et @)

Ip > Ip,min

4) Saturation Flux Density Bg,;: Bsat influences the time
needed to traverse the full hysteresis loop and thus the measure-
ment frequency f according to

_ 1w
Al ABA,N.

Assuming that it is not desired to provide a separate dc—dc
converter for the current measurement system, vy, is given by
Vec, 1.e., by the available voltage levels of the signal electronics.
(Here, a value of V. = 12V, as typical for the automotive
industry, is chosen.) Hence, for a fast current measurement, a
small By, is desirable. The measurement frequency can also be
adjusted using the product A,, Nj.

5) Number of Primary Turns Ny: It is desirable to design
the measurement system such that one primary turn N, = 1 is
sufficient as this allows to position the core easily on the pin of
a power semiconductor package [cf., Fig. 1(a)].

6) Number of Secondary Turns Ng: For one primary turn,
the number of secondary turns

f ®)

N, =2 ©)
s
determines the level of the secondary current that is measured
using the shunt Ry and needs to be switched by the H-bridge.
7) Core Cross Section Ay, : Ay is inversely proportional
to the measurement frequency as can be seen from (8) and
hence should be chosen as small as manufacturing issues and
the minimum required mechanical strength allow.
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8) Length of the Magnetic Path l,,: According to (7), the
length of the magnetic path [, is directly proportional to the min-
imum current that can be measured and hence should be chosen
as small as possible. Lower limits are introduced by the space
consumed by the primary current carrying conductor and the
secondary winding and by the required mechanical strength of
the core.

III. REALIZATION OF MEASUREMENT SYSTEM

Having presented the working principle and important de-
sign parameters of the current measurement, in the follow-
ing section the realized measurement system is described.
The specifications of the realized systems include in addi-
tion to the temperature levels already mentioned in the in-
troduction a current measurement range from —50 to 50 A
and a measurement frequency of at least 50 kHz. The num-
ber of secondary turns is chosen to Ny = 50 to limit the cur-
rent in the H-bridge to 1 A. This allows a reasonable silicon
chip size of the switches even at an ambient temperature of
120 °C (here, the two half-bridges are packaged each in an
SO-8 package with an upper junction temperature limit of
175 °C). Furthermore, it reduces the wire diameter needed
for the secondary winding and thus helps to achieve a
low [, .

A. Choice of Core Material

The nanocrystalline material Vacuumschmelze “Vitroperm
500F” is chosen for this example design as it features a high
relative permeability up to p, = 150000, a low coercive and
saturation magnetic field strength as well as a comparably high
temperature invariance of these magnetic parameters which is
of great importance when designing a measurement system with
a temperature difference during operation of more than 300 K
(—40 to 250 °C ambient temperature plus self-heating due to
losses). These characteristic values can be derived from Fig. 7
showing the hysteresis loop measured at 25 kHz (which matches
the excitation frequency of the hysteresis loop for a measurement
frequency of 50 kHz) and 25 and 250 °C using a “T60006-
L2009-W914” core [23].

Even though the Curie temperature 7 of this material is
higher than 600 °C, the manufacturer specifies an upper oper-
ating temperature limit of 155 °C for the “Vitroperm” cores.
This is primarily due to the epoxy coating or plastic casing of
the cores. At temperatures above 300 °C, which are still signifi-
cantly below T, the material starts to loose its nanocrystalline
structure resulting in derated performance especially with re-
spect to eddy current losses and hence, it has to be made sure
that the material temperature does not rise significantly above
300 °C for a longer period of time.

B. Choice of Core Dimensions

The smallest commercially available “Vitroperm S00F” core
(“T60006-L2009-W914,” which has already been used for mea-
suring the hysteresis loop in Fig. 7), shows a magnetic path
length of [, =26 mm and a cross section of A, = 6 mm?.
This leads to an undesirably high minimum current that can be

Analog Signal PCB

Driver-IC

H-Bridge connected
to Sensing Core

Shunt for Measuring
Secondary Current
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Summation Amplifier
&

Low Pass Filter

Current Limit Detection

using

Comparator at Shunt
Generation of
itching Signals

using D-FlipFlop

Digital Signal
Processor (DSP) Interrupt Measure_ISR }
Integrated Analog Digital Converter (ADC)
Fig. 8. Signal flow diagram for the analog control of the current measurement

system and for the measurement routine within a DSP.

1

Fig. 9. Generation of switching signals for the H-bridge by comparing the
shunt voltage vy with a reference voltage V.1 : output of the comparator
(National Semiconductor “LM360”) is fed to the clock input of a D flip-flop
(Texas Instruments “CD74HCT74M”), the inverted output of which is connected
to the D input of the flip-flop.

measured and a relatively long time needed for traversing the
hysteresis loop, as can be seen in (7) and (8), respectively.

However, the cores in the plastic casing can be opened and
the tape wound core can be unwound and then rewound with a
smaller radius and less turns (leading to a lower [, and A,,).
For rewinding, the number V; of tape turns “Vitroperm 500F”
tape turns can be calculated using (8) to

Nt _ Am _ At?)L —91
hidy  hydi ABNg

for vy, &~ 11V (V. is reduced by ohmic voltage drops), AB =
2.3 T (cf. Fig. 7), and At = 20us (leading to a measurement
frequency of 50 kHz due to the sampling scheme described
in Section III-D), a height of the tape of hy = 4.4mm and a
thickness of d; = 20um. This results in A, = 1.9 mm? and
[ = 13.8mm and leads with (7) to a minimum measurable
current of iy 1yin = 0.28A for Hy, ~ 20 A/m as a worst-case
scenario at 250 °C according to Fig. 7.

(10)

C. Signal Electronics

The structure of the signal electronics of the realized current
measurement system is shown in Fig. 8: A PCB for the analog
part containing the H-bridge (two Vishay Intertechnology
“Si4946BEY” bridge legs [24]) and its gate drivers (Allegro Mi-
crosystems “A4940” [25]) is used to excite the core from the sec-
ondary side and a digital signal processor (DSP) mounted on a
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Switching signals s; and sy generated by the circuit shown in Fig. 9 and the interrupts triggering the DSP routine “Measure_ISR” to start the counters

needed to determine the correct point in time when to sample the adjusted shunt voltage applied to the ADC of the DSP are shown. Furthermore, the secondary
current is of the bidirectionally saturated current transformer, the shunt voltage v, and the voltage vA pc 1t applied to a low-pass filter and then to the ADC, are

depicted.

separate PCB samples at certain points in time (cf. Section III-D)
the scaled (to fit the input voltage range of the ADC of the DSP)
and filtered shunt voltage v,. The filtering of vy is performed by
an active second-order low-pass filter and is essential as mea-
surement noise will otherwise cause false switching signals to
be generated by the comparator (cf. the next paragraph). The
voltage vy itself and its scaled values (which correspond to the
voltage vapc that is later filtered and applied to the ADC) are
shown at the bottom of Fig. 10.

The switching signals (input signals of the gate driver) need
to be generated very quickly after the core reaches saturation
as the current rises very fast once it is saturated. Hence, they
are not produced by the DSP but are generated by measuring
the shunt voltage v, and evaluating this voltage using a current
limit detection circuit depicted in Fig. 9. The shunt voltage is
compared to areference voltage at a comparator. (Vies1 = 0.64V
is chosen for this design, corresponding to a current through
the 0.5 €2 shunt of 1.28 A making sure even with a maximum
primary current of 50 A the secondary current can saturate the
core in the direction opposing the primary current with Ny = 50
turns.) The output of the comparator is fed to the clock input
of a D flip-flop, the inverted output of which is connected to
the D input of the flip-flop. Hence, every time the shunt voltage
increases above Vi1, the rising clock edge makes the flip-flop
toggle the output which is used as the switching signals for the
n-MOSFET pairs Ty and T, as well as Ty and Ts.

D. Measurement Algorithm

The correct time instants ¢, and fg to measure the sec-
ondary currents i5; and iy [cf. Fig. 5(b)], i.e., to sample the
shunt voltage v, are determined by the interrupt service rou-

tine “Measure_ISR,” which is started by an interrupt generated
by the output toggling of the flip-flop. Right at the start of
the routine, a timer is restarted to measure the time interval
At;,1 <1 < 6,7 € N, between two consecutive interrupts (cf.
Fig. 10). The interval that has been measured two interrupts be-
fore is cut in half to determine when to sample v5. For example,
in the interval Ats in Fig. 10, the secondary current is measured
when At; /2 has elapsed. Hence, a measured current value can
be provided twice per switching cycle of the H-bridge, e.g.,
twice per bidirectional traversing of the hysteresis loop. Fur-
thermore, at the beginning of the current measurement (e.g.,
during start-up of the power electronic converter), the routine
needs 1.5 pulse periods of the H-bridge (=50 us) to initialize
the variables where the counter values are stored in.

This way of determining when to measure the secondary
current relies on two assumptions, which are validated with
experimental results showing the measurement error in Fig. 14
in Section IV.

First, it is assumed that the time intervals when the core is
saturated, i.e., from t; to ¢, from t3 to t5 and from ¢; to tg in
Fig. 5(b) are small compared to the intervals ¢; to t3 and ¢5 to t7
when the core is not saturated. This is fulfilled if the employed
core shows a high relative permeability (cf. Section II-C). This
allows also to use standard clocks and timers in the DSP as
small inaccuracies in the timing will not introduce large errors.
This is the main reason, why the switching signals are generated
directly by the signal electronics (cf. Section III-C) and not by
the DSP.

Second, this way of determining the point (+H,,0) in the
H-B plane works precisely only if the current does not change
significantly within the interval between three interrupts. As an
interrupt occurs in the current design every 7 to 14 us and the
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Fig. 11. Primary current measured with a wide band power analyzer (wave-

form denoted with 7;,) and with the presented bidirectionally saturated current
transformer (waveform denoted with i;)‘ Also shown is the signal triggering
the ADC.
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Fig. 12.  Measured waveforms at 25 °C ambient temperature of the core: volt-

age vapc at the ADC of the DSP, shunt current ig, switching signal sy, and
the software trigger starting the ADC conversion, with the latter two, s and the
ADC trigger, plotted with a negative offset of 5 V and scaled by a factor of 0.5
for the sake of clarity. The signals look as expected from the theoretical consid-
erations in Fig. 10. Every 18.6.s, corresponding to a measurement frequency
of 54 kHz, a new current value is calculated.

maximum frequency of the sinusoidal currents that are to be
measured is 1 kHz, only very small errors are introduced (cf.
Fig. 14 in Section IV).

IV. EXPERIMENTAL RESULTS

In this section, the design and the previous theoretical con-
siderations are experimentally verified using the measurement
setup described in Section III. Fig. 11 shows the measurement
of a sinusoidal ac current. The theoretical waveforms shown
in Fig. 10 can be directly compared with the experimental
waveforms in Figs. 12 and 13, measured at room temperature
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Fig. 13.  Measured waveforms at 250 °C ambient temperature of the core:

voltage v p ¢ at the ADC of the DSP, shunt current 75, switching signal so, and
the software trigger starting the ADC conversion, with the latter two, s and
the ADC trigger, plotted with a negative offset of 5 V and scaled by a factor
of 0.5 for the sake of clarity. The signals look as expected from the theoretical
considerations in Fig. 10. Every 15.5 us, corresponding to a measurement
frequency of 67 kHz, a new current value is calculated.

and at an ambient temperature around the core of 250 °C. The
secondary current looks as expected, the ADC voltage is in the
oscilloscope pictures in Figs. 12 and 13 directly measured at
the ADC inputs (i.e., after the low-pass filter which is used
to avoid large-voltage spikes on the signal) and the software
trigger for starting the analog—digital conversion is shown in
order to indicate the points in time when the shunt voltage is
sampled. It can be seen that at room temperature the software
outputs an updated value of the measured primary current every
18.6us, corresponding to a measurement frequency of 54 kHz.
At 250 °C, this values increases to 67 kHz due to the decreasing
saturation flux density Bg, of the core [cf., (8) and Fig. 7].

The measurement error is determined by a reference measure-
ment of the primary current using a wide band power analyzer
(“D6100” by Norma) with a 0.03% precision shunt. The absolute
error of the described system scales linearly with the measured
current, starting from an absolute error of 0.065 A at a primary
current of 2.5 A to an error of 1.2 A to 47.5 A. Hence, the relative
error is constantly at around 2.5%. This error is mainly due to
the use of resistors (for the shunt and voltage-level adjustment
of the shunt voltage for the ADC, cf. Section III-C) that have a
tolerance of their resistance around 1% and parasitic resistances
of PCB tracks: a 10-mm-long and 1-mm-wide track shows a
resistance of 4.8 mS2, corresponding to 1% of the shunt resistor
value.

As the primary current is calculated using the difference of
two shunt voltages, errors due to offsets of, e.g., the operational
amplifiers used cancel out to a large extent. Hence, the linear
error can be compensated in the software. The resulting abso-
lute and relative measurement errors are shown in Fig. 14. The
remaining error of less than 0.5% is due to the slight inaccu-
racies introduced by the measurement algorithm as expected in
Section III-D.
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Fig. 14.  Minimum and maximum absolute (cf. (a)) and relative (cf. (b)) measurement error of the proposed current measurement system over the full measurement
range after this setup has been initially calibrated to compensate for the linearity error introduced by tolerances of resistance values.

V. CONCLUSION

In this paper, first the upcoming demand for high tem-
perature power electronic converters and particularly for fast
measurement of dc and sinusoidal ac currents is described. Sub-
sequently, the measurement principle of a novel concept called
“bidirectionally saturated current transformer,” that is able to
measure dc and sinusoidal ac up to 1 kHz and 50 A at an ambi-
ent temperature of up to 250 °C, is explained in detail.

The important design guidelines for choosing a core material
(high gy, low H., Hgat, Bsat) and the magnetic design (high Vg,
low N, Ay, lm) are derived and an experimental prototype is
practically realized accordingly. The required signal electronics
consisting of a current limit detection that controls the H-bridge,
which the secondary winding is connected to, and a circuit with a
low-pass filter that also adjusts the voltage level of the shunt volt-
age which is sampled by the ADC of a DSP. Finally, measure-
ments verifying the proposed concepts are provided and show a
relative error of 2.6% and less than 0.5% after calibration even at
250 °C.
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