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Abstract The Shanghai advanced proton therapy facility is

a proton cancer treatment device designed and built by the

Shanghai Institute of applied physics at the Chinese acad-

emy of sciences. The accelerator part comprises a proton

linear accelerator (linac) injector and a circular syn-

chrotron. An alternating current current transformer

(ACCT) is used for non-intercepting beam current mea-

surement at the drift tube linac exit. According to the beam

characteristics, the ACCT is required to complete real-time

beam current and pulse width measurements at currents of

3–30 mA, frequencies of 1–10 Hz, and pulse widths of

40–400 ls. In this paper, we report the design and devel-

opment of an ACCT. The designed ACCT was simulated

using CST Microwave Studio, and calibrated using an

oscilloscope and signal generator. Variations in the output

signal of the ACCT were investigated as a function of

ceramic gap size, number of coil turns, and resistance.

According to the simulation and experimental results, the

optimal number of coil turns was found to be 30. In

addition, a low-pass filter was adopted to filter the noise

introduced during long-distance signal transmission using a

coaxial cable with the length of 20 m. The calibration

results show that the corresponding rise time of the ACCT

is 800 ns with the sensitivity of 8.2 V/A and a droop of less

than 1%, meeting the design requirements.

Keywords Beam current monitors � ACCT � Particle beam

diagnostics

1 Introduction

Proton beams have played an essential role in cancer

therapy in the past few decades [1–4]. The Shanghai

Advanced Proton Therapy facility (SAPT) is the first

domestic proton radiotherapy facility developed indepen-

dently by the Shanghai Institute of applied physics and

Shanghai advanced research institute and is in the clinical

trial stage at present [5]. The accelerator of the SAPT

constitutes a linear proton injector and a circular syn-

chrotron. The linac injector includes an electron cyclotron

resonance ion source, a four-wing radio frequency quad-

rupole, and an alternating phase focused-type drift tube

linac (DTL). The linac produces a proton beam with the

energy of 7.0 MeV, which is injected into the circular

synchrotron [5–9]. For a pulsed beam extracted from the

DTL, the beam current measurement is generally com-

pleted using intercepting or non-intercepting monitors

[10–13]. In an intercepting monitor, the particle beam is

injected into a target, such as a Faraday cup, to produce a

measurable signal; however, this is unsuitable for real-time

beam current measurements of many accelerators [12, 13].

In contrast, the non-intercepting monitor obtains the elec-

tromagnetic signal from electromagnetic induction, while

the charged particle beam passes through the monitor

without affecting the normal operation of the accelerator

facilities [12–18]. According to the beam properties from
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the DTL of the SAPT, the beam current monitor is required

to complete measurements of the beam current and pulse

width at various currents of 3–30 mA, frequencies of

1–10 Hz, and pulse widths of 40–400 ls in real-time.

Therefore, the alternating current current transformer

(ACCT), a kind of non-intercepting beam current monitor,

has been adopted to complete real-time measurements of

the proton beam extracted at the DTL exit port.

ACCT is an evolution of the active transformer first

proposed by Hereward in 1960, with the advantages of low

noise, low DC offset of the output signal, and excellent

long-term stability [12, 13, 18, 20]. When a charged par-

ticle beam passes through the toroid, it acts as the primary

winding of the ACCT. The secondary winding of the

ACCT is wound directly and evenly around a circular iron

core. The ACCT sensor is connected to an operational

amplifier to obtain a long droop time constant when mea-

suring a charged particle beam with a pulse width longer

than several microseconds [13]. The sensor and electronics

are connected using a cable for long-distance signal

transmission. In addition, the offset of the ACCT output

signal is very close to zero, because the output voltage of

the operational amplifier is zero when no primary current

passes through the sensor.

In this paper, the design and development of an ACCT

for the DTL of the SAPT are introduced. An O-ring seal

was used to complete the vacuum seal of the sensor, with a

feedthrough used to complete the connection between the

toroid of the sensor and the coaxial cable. A polyimide film

with the thickness of 10 lm was used as the internal

insulation material for the sensor. Then, the airtightness of

the sensor was tested to ensure that its vacuum leak rate

could meet the design requirements of less than

1.0 9 10–11 Pa m3/s. The designed ACCT was simulated

and optimized using CST Microwave Studio to ensure that

its droop time constant was less than 1% for measuring the

signal with the pulse width of 400 ls. In addition, varia-

tions in the output signal of the ACCT sensor were

examined regarding ceramic gap size, number of coil turns,

and resistance. Considering that the length of the coaxial

cable was 20 m, we also experimented with the back-

ground noise introduced during the signal transmission

from the sensor to the electronics. Based on the test results,

a low-pass filter was adopted to improve measurement

accuracy. Finally, the developed ACCT was tested and

calibrated using a digital signal generator and an

oscilloscope.

2 Design of ACCT

In general, an ACCT consists of a sensor, a signal

transmission line, and signal processing electronics, as

shown in Fig. 1a. The main body of the sensor is a toroid

with a shielding shell. According to Ref. [20], this device

can be considered a feedback integrator, and the corre-

sponding equivalent circuit is presented in Fig. 1b. Con-

sidering the currents in the circuit, we obtained the

following equation:

Ui � UM

jxLþ RL

þ ð0 � UMÞjxCs þ
Uo � UM

Rf

¼ 0; ð1Þ

where Rf is the feedback resistance, RL is the cable resis-

tance, Ui is the input voltage, Uo is the output voltage, UM

is the voltage at point M, L is the inductance of the toroid,

and Cs is the stray capacitance. According to the principle

of the inverting amplifier, the voltage at point M is given

by:

UM ¼ �Uo

A
; ð2Þ

where A is the amplification factor of the operational

amplifier, which is significantly greater than 1. Substituting

Eq. (2) into Eq. (1), we obtained:

Uo

Ui

¼ � ARf

Rf þ jxCsRfðjxLþ RLÞ þ ðAþ 1ÞðjxLþ RLÞ
:

ð3Þ

In addition, Ui can be calculated by:

Ui ¼ jxL
Ib
N
; ð4Þ

where Ib is the beam current, and N is the number of coil

turns. Substituting Eq. (4) into Eq. (3), we obtained:

Uo

Ib
¼ �Rf

N

Rf

jxAL
þ jxCsRfðjxLþ RLÞ

jxAL
þ 1 þ 1

A

� �
1 þ RL

jxL

� �� ��1

:

ð5Þ

According to Ref.[20], the stray capacitance Cs can be

neglected at low frequencies, and Eq. (5) reduces to:

Uo

Ib
¼ �Rf

N

jxs
1 þ jxs

; ð6Þ

where s is the time constant, written as:

s ¼ L

Rf=Aþ RL

� L

RL

: ð7Þ

It can be seen that the use of an operational amplifier

could reduce the resistance because Rf/A is much smaller
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than RL. The feedback resistor, with resistance Rf, was used

for range switching. The corresponding remaining resis-

tance is determined by the cable resistance RL, which is

usually a few ohms or less [12, 13, 18]. However, for actual

devices, additional resistance will also be introduced into

the signal transmission line owing to the adaptors, joint of

wires, and excess enameled wire left in the sensor when

assembling the toroid. These resistances should also be

considered besides RL. Such an amplifier is also called a

transimpedance amplifier or current-to-voltage (I–V) con-

verter [13]. Further, the rise time srise of the ACCT mainly

depends on the selected operational amplifier and the cor-

responding electronics. In addition, the inductance of the

toroid L is given by [12, 13, 18]:

L ¼ l0lr
2p

� lN2 � ln
ro

ri
; ð8Þ

where N is the number of coil turns, l0 is the permeability

of vacuum, and lr is the relative permeability of the iron

core with inner radius ri, outer radius ro, and thickness

l. According to Eqs. (7) and (8), the droop time constant is

proportional to the square of N and lr for the same toroid

size. In general, N is the only parameter that can be

adjusted to optimize sensor performance because of the

limitations of the sensor size and iron core material prop-

erties. However, the current of the secondary windings ib is

inversely proportional to the number of coil turns

N. Therefore, the sensor sensitivity decreases with an

increase in N, resulting in a decrease in the signal ampli-

tude, which can thus become too close to the background

noise. Therefore, it is essential to choose a suitable number

of coil turns to optimize the performance of the ACCT.

2.1 Mechanical design of the sensor

The designed sensor comprised two shielding shells, a

toroid, and a ceramic gap, as shown in Fig. 2. It was

designed with reference to the Bergoz in-flange CT tech-

nique [19]. The shielding shells were made of 316 L

stainless steel (relative permeability\ 1.03) to avoid

magnetization by the magnetic field generated by the

proton beam and surrounding facilities, which may affect

the measurement accuracy of the ACCT. The two shielding

shells secured with four screws also served as flanges

connecting adjacent accelerator facilities. In addition, the

grooves mounted on the shielding shells were used to fix

the ceramic gap, and air extraction grooves were used to

reduce the vacuuming time of the sensor, as depicted in

Fig. 2d. A ceramic gap was added to interrupt the electrical

conductivity of the beam tube near the sensor, thus pre-

venting the flow of the image current inside the toroid

[12, 13, 18]. In addition, the ceramic gap could separate the

toroid and proton beam, preventing the sensor from being

damaged by the proton beam irradiating the toroid when it

entered the sensor abnormally. The adopted ceramic gap

was made of 95% Al2O3 ceramic with the advantages of

high-temperature resistance, high mechanical strength, and

good insulation performance. The iron core was made of

cobalt-based amorphous (CoNiFeSiB) because of its high

relative permeability (approximately 105). Moreover, this

material is a thin film that can be easily customized to the

required toroid size with the advantage of being insensitive

to mechanical stress. A steel concave shell made of 316 L

stainless steel with the thickness of 1 mm was applied on

the iron core to reduce its outgassing rate. The iron core

had a thickness of 24 mm, inner diameter of 52 mm, and

outer diameter of 67 mm. Regarding the requirement of a

low outgassing rate, we selected a polyimide-enameled

copper wire with the diameter of 1 mm to establish the

toroid. Polyimide has been widely used as a versatile

insulating material in vacuum environments because of its

high heat resistance, excellent thermal and electrical insu-

lation, and low outgassing rate [21–26]. In addition, the

polyimide film with thickness of 10 lm was used to

complete the internal insulation of the sensor, as shown in

Fig. 2e.

During the measurement, the toroid was in vacuum,

whereas the coaxial cable and electronics were in the

atmosphere. Therefore, a high-performance feedthrough

(ANDESUN technology, ADS-FT-SMA-009, impedance

of 50 X, max current\ 5 A) was adopted to connect the

toroid and coaxial cable (EZCON Technology, RG142/P/

500, length of 20 m). The feedthrough was welded onto the

top of the shielding shell, as displayed in Fig. 2. One end of

the toroid was tin soldered to the inner conductor of the

feedthrough, while the other was fixed to the inner surface

Fig. 1 Structure and

corresponding equivalent

circuits of alternating current

current transformer (ACCT)
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of the shielding shell as the earthing. Furthermore, the

insertion loss of the selected coaxial cable was less than

0.2368 dB for a signal with a frequency of less than

1 MHz, as can be seen in Fig. 3. Therefore, we believe that

there is no attenuation for long-distance transmission of

low-frequency weak signals using the selected coaxial

cable. A standard SMA interface with the impedance of

50 X was employed for the feedthrough and coaxial cables.

2.2 I–V converter

The core of the ACCT electronics is an I–V converter,

and the corresponding circuit diagram is provided in Fig. 4.

The use of a low-speed amplifier can reduce the high-fre-

quency noise of the operational amplifier at the expense of

increased rise times [12, 13]. In this study, we selected a

high-speed operational amplifier (OPA657, 1.6 GHz gain-

bandwidth product) with low distortion to obtain a short

rise time and high amplification factor for the ACCT.

Potentiometer RW was used to change the amplification

Fig. 2 (Color online)

Schematics of a designed sensor

and b cross section of the

designed sensor; photographs of

c developed sensor in the

facility, d shielding shell of the

sensor with mounting grooves,

and e inner insulation of the

sensor using the polyimide film

Fig. 3 Insertion loss test results for the selected coaxial cable with

length of 20 m Fig. 4 Circuit diagram of the I–V converter
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factor of the operational amplifier. The input and output

ends of this module both constituted a standard SMA

interface with the impedance of 50 X. The input current of

this module was designed to be within the range of

10–30 mA, and the minimum amplification factor was 100.

In addition, a low-pass filter is required to improve the

measurement accuracy, because the operational amplifier

amplifies the background noise introduced during long-

distance signal transmission. The low-pass filter was

designed according to the frequency amplitude character-

istic curve of the sensor signals.

3 Experimental setup

In this study, the designed sensor was simulated using

CST Microwave Studio. The performance of the ACCT

was investigated as a function of ceramic gap size, number

of coil turns, and resistance. The airtightness of the

developed sensor was tested using a helium mass spec-

trometer leak detector (INFICON UL1000FAB) to ensure

that it met the design requirements. In addition, the

developed ACCT was tested using a digital signal gener-

ator (UTG932) and oscilloscope (LDS2052CL), and the

corresponding test platform is depicted in Fig. 5. The

output amplitude of the ACCT was measured using an

oscilloscope measurement tool. The minimum measure-

ment step of the oscilloscope was 4 ls when the pulse

width was 400 ls. Therefore, the output amplitude of the

ACCT was measured at time axes of 396 ls (Va) and 4 ls

(Vb). Additionally, a resistor (providing constant resistance

of 100 X) was connected in series in the circuit as a load to

match the internal resistance of the signal generator

(100 X). The length of the coaxial cable used in the

experiments was 20 m. Additionally, the amplification

factor of the I–V converter was maintained as a constant.

The signal generator was used to provide square wave

signals with rise and fall times of 15 ns each, duty ratio of

0.04%, and frequencies of 1–10 Hz. Moreover, the signal

to be measured is separated using a parallel extension

cable. One end of the parallel extension cable was con-

nected to the oscilloscope for display purpose (CH2

channel), while the other end passed through the center of

the sensor. During the experiment, we studied the output

signal of the I–V converter and designed a low-pass filter

accordingly. The output signals of the I–V converter were

also sampled using an ADC (AD9226, resolution of 12 bits,

sample rate of 20 MSPS) for analysis using MATLAB

R2016a. The droop time constant was studied as a function

of the number of coil turns in the experiment. Finally, we

calibrated the developed ACCT under the design parame-

ters using a signal generator and an oscilloscope.

4 Results and discussion

4.1 Simulation results of ACCT

The time-domain solver of CST Microwave Studio was

used to complete the simulation of the designed ACCT,

which is helpful for understanding the output performance

of the ACCT and completing the mechanical design.

During the simulation, we simplified the structure of the

ACCT to reduce the simulation time; the corresponding

model is displayed in Fig. 6. The distance between the

enameled wire and the iron core was 0.2 mm. The output

signal of the simulation is the voltage between the two ends

of the coil, which was measured using a voltage monitor, as

shown in Fig. 6b. The electrical conductivity of the iron

core is 120 S/m, and the corresponding complex relative

permeability is presented in Fig. 7. The signal to be mea-

sured was a square-wave signal supplied by a current

source with the current of 30 mA and rise and fall times of

15 ns each, as shown in Fig. 6a. Additionally, the pulse

width of the signal used in the simulation was 400 ls, and

the corresponding duty ratio was increased to 2/3 (the

actual duty cycle was 0.04%) to reduce the simulation time.

According to Eq. (7), RL was considered during the sim-

ulation, while other stray capacitances could be neglected.

Therefore, based on the test results, the resistance was set

to 5 X. However, neglecting the I–V converter with its

amplification factor will lead to much lower rise time and

signal amplitude of the simulation results compared with

those of the actual results. Furthermore, this simplification

neglects external environment interference (e.g., back-

ground noise) in long-distance signal transmission and the

noise introduced by the operational amplifier.

First, we studied the performance of the ACCT as a

function of the ceramic gap thickness and width, as shown

in Fig. 8a and b. During the experiment, the number of coil

turns was 30 and remained constant. It can be seen that the

ceramic gap size has almost no influence on the ACCT

performance. Therefore, only the mechanical requirementsFig. 5 (Color online) Test platform for the developed ACCT
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must be considered when designing the sensor. Owing to

the limitations of the sensor size (flange type of CF63 and

sensor thickness of less than 40 mm), we selected a cera-

mic gap with the inner diameter of 38 mm, outer diameter

of 47 mm, and width of 9 mm. Furthermore, we studied the

influence of the number of coil turns on the droop and the

sensitivity of the ACCT, as can be seen in Fig. 8c. The

corresponding droop was calculated using the maximum

amplitude Vmax and the minimum amplitude Vmin (time =

400 ls) of the output signal, as shown in Table 1. It can be

observed that the amplitude of the sensor signal is inversely

proportional to the number of coil turns. This is because the

current in the secondary winding of the current transformer

is inversely proportional to the number of coil turns. (The

primary winding is one)-The resistance remained constant

in the simulation; therefore, the output amplitude of the

sensor was inversely proportional to the number of coil

turns. When the number of coil turns is high, the designed

ACCT requires an operational amplifier with a very large

gain-bandwidth product to amplify the sensor signal.

According to the simulation results, the number of coil

turns must be approximately 30 to obtain a droop of less

than 1% for measuring a signal with the pulse width of

400 ls. To further reduce the droop of the ACCT, the

resistance of the signal transmission line should be

reduced, but this is more difficult to achieve than changing

the number of coil turns. Moreover, we adjusted the

resistance to 1 MX with 30 coil turns, as shown in Fig. 8d.

At this time, the device corresponds to a passive current

transformer, which directly uses a constant resistance to

complete the conversion from current to voltage, rather

than the I–V converter. It can be observed that the corre-

sponding droop time constant is lower. Therefore, an I–V

converter is essential for the designed ACCT when mea-

suring signals with long pulse widths.

4.2 Test results of sensor airtightness

The developed sensor is required to achieve sufficient

airtightness and a low outgassing rate. Figure 9 displays

the test results for sensor airtightness. It is apparent that the

vacuum leak rate of the sensor can reach

5.3 9 10–12 Pa m3/s after 15 min, meeting the design

requirements of less than 1.0 9 10–11 Pa m3/s. Therefore,

use of polyimide film to provide sensor insulation in a

vacuum environment is feasible. However, the current

design scheme also has shortcomings, i.e., the pumping

speed of the developed sensor is slow because of its

complex internal structure. Although the developed sensor

could meet the design requirements in a short time, it first

took a long time (approximately 4 h) to obtain a vacuum

leak rate of less than 1.0 9 10–13 Pa m3/s (the limit of the

leak detector).

4.3 Test results of ACCT

During the measurement, the I–V converter amplified

both the background noise and sensor signals

Fig. 6 (Color online)

a Sectional view of the

simplified model and b voltage

monitor used in this simulation

Fig. 7 (Color online) Complex relative permeability results of the

iron core
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simultaneously, resulting in a decrease in measurement

accuracy, as shown in Fig. 10a and b. In this test, N = 30

and the current of the signal to be measured was 30 mA.

We studied the background noise when the signal to be

measured was zero; the corresponding spectra are pre-

sented in Fig. 10c and d. It can be observed that the

background noise is mainly distributed in the high-fre-

quency region with a frequency of more than 10 kHz.

Therefore, we adopted a 4th-order active low-pass filter

(operational amplifier: TL082) with the cutoff frequency of

500 kHz to complete filtering. It is clear from Fig. 8e and f

that the background noise was filtered out. However, the

low-pass filter caused a slight overshoot at the rising edge

with a width of less than 2 ls. Additionally, we examined

the influence of the low-pass filter on the performance of

the ACCT, the results of which are displayed in Fig. 11.

The rise time of the ACCT was approximately 800 ns for

the low-pass filter with the cutoff frequency of 500 kHz. In

contrast, the corresponding rise time was approximately

1.6 ls when the cutoff frequency was 250 kHz. Compared

with the simulation results, there is a significant increase in

the rise time of the ACCT, which is mainly due to the I–V

converter with a low-pass filter. Therefore, we chose the

low-pass filter with the cutoff frequency of 500 kHz, and

the associated circuit diagram is presented in Fig. 12. The

corresponding output voltage of the module was limited in

the range of - 3–3 V.

Fig. 8 (Color online)

Simulation results of the

designed ACCT for a ceramic

gap width, b ceramic gap

thickness, c number of coil

turns, and d coil resistance of

1 MX

Table 1 Droop results of ACCT with varying number of coil turns

from simulation

Coil turns Vmax (mV) Vmin (mV) Droop (%)

10 11.0559 9.5285 13.82

20 6.8824 6.6383 3.54

30 4.8079 4.7678 0.83

40 3.6261 3.6109 0.42

Fig. 9 Vacuum leak rate of the sensor versus time

123

Design and development of an ACCT for the Shanghai advanced proton therapy facility Page 7 of 12 126



The performance of the ACCT was studied as a function

of the coil turns, as shown in Fig. 13. The corresponding

droops are listed in Table 2. The signal used in the test was

a square wave with the current of 30 mA and pulse width

of 400 ls. When the number of coil turns was 10, the

output amplitude of the ACCT was approximately

740 mV; when the number of coil turns was 40, the signal

amplitude was only 190 mV. The corresponding droop of

the ACCT with 10 coil turns was approximately 20%,

while the droop was only 0.54% for ACCT with 40 coil

Fig. 10 (Color online) a and b Output signals of the I–V converter;

spectra of background noise in c linear coordinates and d logarithmic

coordinates; e and f Output signals of the active low-pass filter. The

yellow line represents the signal to be measured, and the blue line

represents the output signal of the ACCT

Fig. 11 (Color online) Rise time results of ACCT using the I–V converter with low-pass filters having cutoff frequencies of a 500 kHz and

b 250 kHz. The yellow line is the signal to be measured, and the blue line is the output signal of ACCT
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turns. Thus, the higher the number of coil turns, the higher

the sensitivity of the ACCT, and the worse the droop time

constant. Under the premise of meeting the design

requirements, choosing fewer coil turns is beneficial for

obtaining higher sensitivity. Therefore, we chose 30 coil

turns. At this time, the output amplitude Va was 246 mV.

To measure a signal with the pulse width of 400 ls, the

output amplitude Vb of the ACCT was 244 mV with the

corresponding droop of 0.81%, which meets the design

requirements.

4.4 Calibration results of the developed ACCT

The developed ACCT was calibrated using a signal

generator and an oscilloscope, as shown in Fig. 14. When

the signal to be measured was 3 mA, the output amplitude

Va of the ACCT was 24.89 mV; when the signal to be

measured was 30 mA, the output amplitude Va was

246 mV, as shown in Fig. 14d. In addition, we tested the

output signal of the sensor without the I–V converter, as

shown in Fig. 15. The signal to be measured was a square

wave with a current of 30 mA and pulse width of 400 ls.

The resistance of the oscilloscope (1 MX) was constant for

Fig. 12 Circuit diagram of the

low-pass filter

Fig. 13 (Color online) Output signal results of ACCT with different numbers of coil turns of a 10, b 20, c 30, and d 40. The yellow line is the

signal to be measured, and the blue line is the output signal of ACCT

Table 2 Droop of the ACCT with different coil turns from the

experiment

Coil turns Va (mV) Vb (mV) Droop (%)

10 739 598 19.08

20 368 349 5.16

30 246 244 0.81

40 184 183 0.54
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I–V conversion. It is apparent that the signal waveform is

consistent with the simulation result for the 1 MX resis-

tance. The amplitude difference between the simulation

and test results can be attributed to the inductance and

insertion loss of the coaxial cable when transmitting sharp

pulse signals, and the measurement error of the oscillo-

scope when measuring sharp pulse signals. Therefore, we

believe that simplification of the ACCT used in the simu-

lation is feasible. In addition, the measured calibration data

were analyzed using linear regression, as depicted in

Fig. 16a. According to the fitting results, the sensitivity of

this ACCT is 8.2 V/A with good linearity. Furthermore, the

amplitude of the output signal at the same timeline (396 ls,

Va) remained nearly unchanged as the pulse width differed,

as can be seen in Fig. 16b. The oscillation of the ACCT

signals can be attributed to the background noise and

measurement error of the oscilloscope. Therefore, it is not

necessary to recalibrate the developed ACCT when the

pulse width changes. In summary, the designed ACCT has

high measurement accuracy with low measurement errors

and meets the design requirements.

5 Conclusion

In this paper, we reported the design and development of

an ACCT for the SAPT. According to the beam charac-

teristics, the designed ACCT is required to perform real-

time measurements of proton beams with beam currents of

3–30 mA, frequencies of 1–10 Hz, and pulse widths of

40–400 ls. Considering the requirements of a low out-

gassing rate, we chose polyimide-enameled copper wire

and polyimide film to create the toroid and complete

internal insulation of the sensor, respectively. A high-per-

formance feedthrough was adopted to complete the signal

transmission between the toroid and coaxial cable with the

length of 20 m. The simulation results indicate that only

the mechanical requirements of the sensor must be con-

sidered when designing an ACCT. In addition, a low-pass

filter with the cutoff frequency of 500 kHz was employed

to filter out background noise and improve the measure-

ment accuracy. The rise time of the ACCT was calculated

as 800 ns, which is dependent on the I–V converter with a

low-pass filter. The developed ACCT was then tested and

Fig. 14 (Color online) Output signal results of ACCT for measured currents of a 1 mA, b 3 mA, and c and d 30 mA. The yellow line is the

signal to be measured, and the blue line is the output signal of the ACCT

Fig. 15 (Color online) Output signal results of ACCT without the I–V
converter. The yellow line is the signal to be measured, and the blue

line is the output signal of the ACCT
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calibrated using a signal generator and an oscilloscope.

Based on the simulation and test results, the optimal

number of coil turns was determined to be 30. From the

calibration results, the sensitivity of 8.2 V/A was obtained

with good measurement linearity. In future, the designed

ACCT will be optimized to obtain a longer droop time

constant and to solve the overshoot caused by the low-pass

filter.
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