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Transcranial magnetic stimulation requires an electric field composed of dozens of V/m to achieve stimulation.

The stimulation system is composed of a stimulation coil to form the electric field by charging and discharging

a capacitor in order to save energy, thus requiring high-pressure kV. In particular, it is charged and discharged

in capacitor to discharge through stimulation coil within a short period of time (hundreds of seconds) to gener-

ate current of numerous kA. A pulse-type magnetic field is formed, and eddy currents within the human body

are triggered to achieve stimulation. Numerous pulse forms must be generated to initiate eddy currents for

stimulating nerves. This study achieved high internal pressure, a high number of repetitions, and rapid switch-

ing of elements, and it implemented numerous control techniques via introduction of the half-bridge parallel

load method. In addition it applied a quick, accurate, high-efficiency charge/discharge method for transcranial

magnetic stimulation to substitute an inexpensive, readily available, commercial frequency condenser for a pre-

viously used, expensive, high-frequency condenser. Furthermore, the pulse repetition rate was altered to con-

trol energy density, and grafts compact, one-chip processor with simulation to stably control circuit motion and

conduct research on motion and output characteristics.
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1. Introduction

Transcranial magnetic stimulation is a method of induc-

ing an electric field within the human body via a tempo-

rally varying magnetic field. Since the size of the electric

field used in stimulation must be dozens of V/m and the

switching time of the unsteady magnetic field must be

below hundreds of milliseconds, a pulse magnetic field

for human applications must consist of numerous tesla

[1,2]. Technology previously used for switching strong

magnetic fields within a short time period resulted in a

magnetic pulse generation frequency for transcranial mag-

netic stimulation that was less than dozens of Hz. Thus,

transcranial magnetic stimulation was commonly used for

diagnosing, rather than treating, various disorders of the

nervous system [3, 12]. In particular, it is charged and

discharged in capacitor to discharge through stimulation

coil in a short period of time (within hundreds of seconds)

to generate current of numerous kA [4, 5]. Generation

must be achieved in various pulse forms to produce eddy

currents for stimulating nerves [6-8]. 

These functionalities require a high capacity power

device, high internal pressure, numerous repetitions, a

rapidly switching element, and various control techniques.

Regular transcranial magnetic stimulation boosts a 60 Hz

power sine wave in order to achieve a high voltage charge

of electric current in capacitor. Various constraints include

turn ratios of the transformer, power loss, size, system

complexity, high voltage, and high current control [9, 10].

This study introduced the half bridge parallel load switch-

ing technique, which allows controlled charge-discharge

of electric current in the capacitor and can be used to

achieve free form voltage and current pulses in order to

meet repetition, efficiency, size, weight, and power effici-

ency requirements. In the half-bridge parallel load method,

voltage stress exerted by the switch element possesses the

equivalent of input voltage, unlike the forward, push pull

method that possesses a switch voltage stress that is twice

that of the input voltage [3, 11]. Since the switch operation

waveform manifests as a half-wave, symmetric shape,

this structure can be extensively used in mid-sized, large

capacity convertors. In addition, this study investigated

the effect of a secondary output of the stimulation coil by
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adding a reverse direction circuit to the previous method

of a single pulse stimulation coil output. Therefore, this

stable method achieves high repetitions, high output, and

high efficiency.

2. Design

2.1. Parallel Load Method

Fig. 1 presents the main power device of the trans-

cranial magnetic stimulation used in the resonant con-

verter method. Interpretation is achieved in five sections

of discontinuous mode (0 < f < 0.5fn) and is also effective

in Continuous Mode to be organized according to section.

Stage 1 (0 < t ≤ t1) begins when IGBT-1 is turned on, and

the Lr current linearly increases to establish the following

relational expression.

(1)

Stage 2 (t1 < t ≤ t2) begins when current flowing in Lr

becomes identical to Io. Since they supply power from

input to output, Lr and Cr are resonated to increase Cr

voltage. Voltage increase of Cr acts through a reverse bias

in D4 and D5 to be turned off, and D3 and D6 maintain

continuity status using the initial conditions of 

(2)

In Stage 3 (t2 < t ≤ t3), D1 flows in the resonating

current section, and energy of the resonating circuit is

regenerated as input.

(3)

Stage 4 (t3 < t ≤ t4) Cr becomes non-zero voltage in the t4

point through continuous discharge of resonant energy.

(4)

Stage 5 (t4 < t ≤ t5) maintains the turn-off status of IGBT-

1 and IGBT-2, and Cr maintains non-zero voltage. Thus,

output current achieves reflux status through D3~6. A

cycle can be segmented into six sections. Three sections

of the half-cycle are opposite in polarity during continu-

ous mode (0.5fn < fs < fn or below-resonant mode) and

below-resonant mode. Stage 1 starts at t = 0 when IGBT-1

is turned on, and it ends at t1 that reaches non-zero

voltage by being charged by the addition of Lr current and

Io due to negative Cr bi-voltage. Stage 2 is the resonant

section and possesses positive Cr bi-voltage. Thus, Io
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Fig. 1. (Color online) Transcranial magnetic stimulation actualized in the resonant converter method.

Fig. 2. (Color online) Circuit for monitoring output and the

output sensor of the charge-discharge through the capacitor.
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flows through D3 and D6. Current flowing in Lr is maxi-

mized when the Cr bi-voltage is 0.5 Vs, and Cr bi-voltage

is maximized to become identical to Io after current flow-

ing in Lr exceeds the peak. Stage 3 ends at t3, when IGBT-1

is turned on. Figure 2 presents a circuit for monitoring

output and an output sensor of charge-discharge device

through the capacitor.

2.2. Control Devices

Fig. 3 operates element through composition of AVR

90S8535 one chip microprocessor of ATMEL company

and presents control circuit. The AVR 90S8535 one chip

microprocessor simply manages operations and the delay

time control circuit function. The control circuit is largely

composed of three parts. One part is the keyboard that

receives input of operated delay time. The second part is

the FND (multi-segmented LED displays) display compo-

nent that displays input delay time, and the last part is the

AVR 90S8535 one-chip microprocessor, the most essen-

tial part in this control circuit. The actions of this control

circuit follow. Input of delay time information through the

keyboard was transmitted to the AVR 90S8535 one-chip

microprocessor, and three different signals were released

by the program decided by the AVR 90S8535 one chip.

We designed and produced in simple composition, such

as IGBT, one-chip microprocessor, and pulse transformer

for actualizing simpler and accurate device when com-

pared with the previous transcranial magnetic stimulation.

Fig. 4 presents the operation and control pulses that

provide delay time function for operating transcranial

magnetic stimulation that triggers the IGBT. Adjustment

of the delay time was actualized using the one-chip micro-

processor 90s8535. Operation of the delay time control

circuit executes simultaneous signal input for operating

the stimulation coil of the transcranial magnetic stimula-

tion in the system and control circuit to release sine wave

in AT90S8535 in time decided by R1 and C1 in input

signal increase edge. When sine waves were re-entered in

the AT90S8535, sine waves were released from AT90S8535

in time decided by R2 and CE in lower edge of sine wave.

This signal becomes the gate trigger signal for the operat-

ing IGBT. Thus, the delay time can be controlled by adjust-

ing the AT90S8535 pulse range according to R1 and C1.

2.3. Stimulation

Fig. 5 presents computer simulated based on Fig. 1 and

Fig. 2. The conditions were:  Lr = 4.8 uH, Cr = 47 nF × 5,

Lop = 4.8 uH, Co = 60,000 μF, turn ratio = 1:3, and fs =

154 kHz. Large Link Cap is unfavorable for phase but

modest effect is provided in noise aspect or output volt-

Fig. 3. (Color online) Circuit for operating and controlling element through composition of AVR 90S8535 one-chip microprocessor

of ATMEL Company. 

Fig. 4. (Color online) Operating and controlling pulse for pro-

viding regular delay time function, which manages transcranial

magnetic stimulation for triggering IGBT. 
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age increase. Using the conditions Lr = 4.8 uH, Cr = 47

nF × 5, Lop = 4.8 uH, Co = 60000 μF, turn ratio = 1:3, fs =

154 kHz, and C12 = 330 μF, output voltage increased by

2.5 V for 20 ms, noise and peak of voltage and current

decreased, and phase decreased through dispersion of

input current in the frontal area of sine waves. Although it

was assumed that output voltage increase would be

accelerated through an increase in transformer turn rate, it

was shown that voltage increase speed decreased as

secondary current decreased according to increase in turn

rate. For Lr = 4.8 uH, Cr = 47 nF × 5, Lop = 4.8 uH, Co =

60,000 μF, turn ratio = 1:6, fs = 154 kHz, and C12 = 330

μF, output voltage increased by 1.4 V for 20 ms. Although

final voltage decreased with a decrease in transformer

turn rate, supply can be achieved to 350 V, and a decrease

in turn rate is favorable because the secondary voltage

supply ability increases.

For Lr = 4.8 uH, Cr = 47 nF × 5, Lop = 4.8 uH, Co =

60,000 μF, turn ratio = 1:2, fs = 154 kHz, and C12= 330 uf,

output voltage increased by 3.5 V for 20 ms, primary and

secondary current stress increased slightly with an increase

in supplied electric capacity, and resonant frequency is

decided as Lr, Cr and C10,11 to present calculated value as

159 kHz when transformer, Lop, output condenser are

neglected. For Lr = 4.8 uH, Cr = 47 nF × 5, Lop = 4.8 uH,

Co = 60,000 μF, turn ratio = 1:2, fs = 159 kHz, and C12=

330 μF, output voltage increased by 3.7 V for 20 ms, and

switching frequency did not completely coincide with the

resonant frequency when the waveform was expanded.

The waveform was similar to the below-resonant operation

waveform, and the output voltage increased when resonant

frequency was approached due to a slight increase in

switching frequency. For Lr = 4.8 uH, Cr = 47 nF × 5, Lop

= 4.8 uH, Co = 60,000 μF, turn ratio = 1:2, fs = 170 kHz,

and C12 = 330 μF, output voltage increased by 5.2 V for

20 ms, and primary and secondary current stresses and

noise increased due to an increase in the supplied electric

capacity. Switching frequency was increased to operate in

above-resonant mode. Output voltage increased by 10 V

during Lr = 4.8 uH, Cr = 47 nF × 5, Lop = 4.8 uH, Co =

60,000 μF, turn ratio = 1:2, fs = 200 kHz, C12 = 330 μF, 20

ms, primary and secondary current and voltage stress

were greatly increased, and parts without resonation were

generated. Resonated areas presented as above-resonant

mode and waveforms adjacent to resonant frequency

during expansion of waveforms. The increase in output

voltage was accelerated when the input/output conversion

ratio increased with an increase in Q value.

3. Experimental Results

Design is achieved to provide considerable tolerance in

order to guarantee transformer motions regarding rapid

input change and output change in the application of

power device. Since loss generated from core hysteresis

increases with a larger change in magnetic flux, it is

useful to maintain small changes of magnetic flux. How-

ever, because increase in turn rate is continued to increase

in conductivity loss, optimum design for minimizing total

loss is achieved. Fig. 6 presents a charged waveform

during 125.6 kHz switching frequency, and it presents the

experimental waveform used when A was 20 mS 100 V,

B was 20 μs 20A, and C was 20 mS 400 V. Input voltage

of the transformer can near bi-voltage of resonant con-

denser and interpretation can be achieved for each section.

Fig. 7 presents a charged waveform during 127.2 kHz

switching frequency, and it presents a measurement wave-

form when A was 20 mS 100 V, B was 20 μs 20 A, and C

was 20 mS 200 V.  Since the secondary voltage of the

transformer was limited to output voltage, the secondary

turn rate can be calculated.

Fig. 8 illustrates the charged waveform during 112.8

kHz switching frequency, and the experimental waveform

Fig. 5. (Color online) Computer simulation based on the half-

bridge parallel-loaded resonant converter method.

Fig. 6. (Color online) Charged waveform during 125.6 kHz

switching frequency, and the experimental waveform during

20 mS 100 V of A, 20 µs 20 A of B, and 20 mS 400 V of C.
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is presented when A was 20 mS 100 V, B was 20 μs 5 A,

and C was 20 mS 400 V. Assuming that maximum output

voltage is the switching half-period, and material of

3,000G saturated magnetic flux density is assumed to be

used, ± 2,000G is possible when observing half-bridge

characteristics. If switching frequency is greater than 100

kHz, use under ± 1,500G is reasonable, thus it was set to

3,000G. As can be observed from simulation results, the

turn rate, final voltage, and voltage increase speed corre-

late. Fig. 9 presents a charged waveform during 112.8

kHz switching frequency, and an overlapping measurement

waveform existed when A was 20 mS 100 V, B was 20 μs

5 A, and C was 20 mS 400 V. The copper area was deter-

mined by the size of the cross-sectional area in the flow-

ing current used by the transformer. The quantity of elec-

tricity supplied during charge/discharge can be obtained

by measuring the quantity of the output condenser and

voltage change range. Average current value can be cal-

culated by dividing the charge/discharge repetition time,

and secondary RMS current value can be maintained. Since

the resonating inductor is the addition of primary projec-

tion value of output current and the resonating current,

current value occupies the largest part. Fig. 10 presents

the charged waveform during 123.2 kHz switching fre-

quency, and it presents an experimental waveform when

A was 5 μs 100 V, B was 5 μs 20 A, and C was 5 μs

200 V. Thickness of the coil is determined by frequency

of the flowing current, and a coil with a radius less than

its skin depth is generally selected. Equivalent cross-

sectional area was composed of various coil strands in

case of high frequency even when possessing the same

Fig. 7. (Color online) Charged waveform during 127.2 kHz

switching frequency, and the experimental waveform during

20 mS 100 V of A, 20 µs 20 A of B, and 20 mS 200 V of C.

Fig. 8. (Color online) Charged waveform during 112.8 kHz

switching frequency, and the experimental waveform during

20 mS 100 V of A, 20 µs 5 A of B, and 20 mS 400 V of C.

Fig. 9. (Color online) Charged waveform during 112.8 kHz

switching frequency, and the measurement waveform over-

lapped during 20 mS 100 V of A, 20 µs A of BA, and 20 mS

400 V of C.

Fig. 10. (Color online) Charged waveform during 123.2 kHz

switching frequency, and the experimental waveform during 5

µs 100 V of A, 5 µs 20 A of B, 5 µs 200 V of C.

Fig. 11. (Color online) Charged waveform during 127.2 kHz

switching frequency, and the measurement waveform during

200 mS 100 V of A, 20 µs 20 A of B, and 20 mS 200 V of C.
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current value. Fig. 11 presents the charged waveform

during 127.2 kHz switching frequency, and it presents the

measurement waveform when A was 200 mS 100V, B

was 20 μs 20 A, and C was 20 mS 200V. Fig. 12 presents

the charged waveform when A was 10 mS 200V and B

was 10 mS 200 V. In Fig. 13  a is the process of turning

off in curve center in IGBT to turn on in the end, b is the

magnetic coil current, and c is the capacitor discharge

current of precise discharge function. 

4. Conclusion

This study designed and produced a device by intro-

ducing the switching technique of the half-bridge parallel

load method in order to easily control the electric charge/

discharge in the capacitor and the free-form voltage and

current pulse. Transcranial magnetic stimulation was

implemented and used to study characteristics. IGBT,

AT90S8535, and a pulse transformer were used in swit-

ching of the half-bridge parallel load method to achieve a

circuit composition of very simple structure. Charge-dis-

charge control can be accurately and easily executed by

operating through delay time of various voltages regard-

ing stimulation coil operation.  Minimum voltage released

from the charge/discharge control presented 3.6 kV volt-

age possessing approximately μs pulse range. Delay time

regarding operation of voltage stimulation coil possesses

the variable range of 30 μs~3 ms. It was shown that a

10% speed increase and output expansion was achieved

in transcranial magnetic stimulation with the half-bridge

parallel load method compared to that of the previous

device. Switching frequency was changed to detect charg-

ed waveforms, and various shapes of magnetic coil current

were actualized through charge-discharge experiment by

setting diverse repetition and delay time of IGBT turn-on,

turn-off, turn-on process. 
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