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Abstract
In this study we present the new power electronic circuit implementation to create the arbitrary near-rectangular elec-
tromagnetic pulse. To this end, we develop a parallel- Insulated-gate bipolar transistors (IGBT)-based magnetic pulse 
generator utilizing the H-bridge architecture. This approach effectively reduces the current stress on the power switches 
while maintaining a simple structure using a single DC source and energy storage capacitor. Experimental results from 
the circuit characterization show that the proposed circuit is capable of repeatedly generating near-rectangular mag-
netic pulses and enables the generation of configurable and stable magnetic pulses without causing excessive device 
stresses. The introduced device enables the production of near-rectangular pulse trains for modulated magnetic stimuli. 
The maximum positive pulse width in the proposed neurostimulator is up to 600 µs, which is adjustable by the operator 
at the step resolution of 10 µs. The maximum transferred energy to the treatment coil was measured to be 100.4 J. The 
proposed transcranial magnetic stimulator (TMS) device enables more flexible magnetic stimulus shaping by H-bridge 
architecture and parallel IGBTs, which can effectively mitigate the current stress on power switches for repetitive treat-
ment protocols.
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1 Introduction

Transcranial magnetic stimulation (TMS) is a non-inva-
sive technique that can activate cortical neurons using 
electromagnetically induced stimuli. TMS works by pass-
ing a transient current through a treatment coil placed 
on the patient’s head, thus inducing an electric field 
which safely penetrates the skull. It has a long history of 
applications in both neuroscience research and clinical 
therapies [1, 2]; The US food and drug administration 
(FDA) approved TMS for the treatment of several psychi-
atric and neurological diseases, such as major depressive 

disorder and obsessive–compulsive disorder (OCD) and 
it is under investigation for many other therapies [1, 
3]. Delivering TMS stimuli in a long sequence of pulses 
(trains or bursts) is called repetitive TMS (rTMS) which 
has been widely utilized in non-invasive treatments 
for several neurodegenerative diseases [4, 5]. Repeti-
tive neuromodulation protocols can induce long-term 
neuroplastic changes in brain circuits [6]. In therapies 
called theta-burst stimulation (TBS), the repetition of 
pulses reaches 50 Hz [7], while this rate can reach 666 Hz 
in Quadri-pulse stimulation (QPS) protocol, with longer 
time intervals between trains (five seconds) and fewer 
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pulse repetitions per train (four pulses) [8]. QPS method 
uses four monophasic stimuli and can induce a signifi-
cant aftereffect on cortical areas [9].

The operating principle of a conventional TMS pulse 
generator is simple: a large energy storage capaci-
tor (C ≈ 250  µF) is charged to a DC voltage of about 
1.6 kV(maximum). When the power switch (generally a 
thyristor) is gated into conducting state, the pre-charged 
capacitor is discharged through a treatment coil (L) and 
generates a fast-changing field. The coil inductance is 
between 15 and 24 µH and the maximum current flowing 
in the stimulation coil is 5 kA (peak-to-peak 10 kA). The 
maximum magnetic field produced at the coil surface can 
reach 1 T in average. The basic structure of this circuit is 
shown in Fig. 1a. Despite the success of the TMS method, 
there are some vital limitations associated with the pulse 
shape parameters. Due to the structure of the LC resonant 
circuit in the available pulse generators, the waveforms 
produced in these devices are fixed and dependent on 
hardware parameters. Thus, the magnetic stimulus is gen-
erally cosine-shaped with a period of 400 microseconds 
(a so-called ‘biphasic pulse’) [10]. More adjustable control 
of the stimulus waveform could potentially enable novel 
research and clinical applications that are not achievable 
with conventional TMS equipment [11].

Addressing this need, Gattinger et al. introduced new 
TMS device, called ‘flexTMS’ [12]. This device utilized one 
DC-link source and a H-bridge structure to manage the 
LC resonance at different time intervals. To enhance mag-
netic stimulation flexibility, Peterchev et al. have designed 
a controllable TMS (cTMS) device to generate flexible near-
rectangular pulse shapes [13]. Four insulated-gate bipo-
lar transistor (IGBT) switches incorporating freewheeling 
diodes, which form the two half-bridges architecture, 
were utilized to connect the stimulation coil to the energy 
storage capacitors, as shown in Fig. 1sb. Two isolated DC 
sources and separate energy storage capacitors  (C1,  C2) 
have been used and the output pulse can produce four dif-
ferent voltages,  Vcoil = {VDC1, −  VDC2,  VDC1 −  VDC2, 0}. Although 
deploying two separate capacitors can increase the output 
voltage level, recharging the capacitors is a challenging 

task when returning energy from the coil (regeneration 
mode).

Another limitation in the particular implementation of 
the cTMS device reported in [13] is the current overload 
imposed on the switches (the peak current was shown 
to be up to 2.5 times the nominal IGBT values). In power-
electronic systems, power semiconductor elements are 
one of the most fragile components [14]. Reviews of the 
effect of overcurrent on the IGBT switches are provided by 
[15, 16]. As a result of current overload, physical signatures 
(such as discoloured spots on the surface) are observed 
at the IGBT die-level. Although these signatures do not 
necessarily cause immediate failure of the device, they 
have been observed to significantly decrease the lifetime 
of the device and increase the risk of sudden failure [17]. 
The importance of overcurrent rating of devices is critical 
in protocols such as rTMS, which require very high peak 
currents (but at a very low duty-cycle). Such usage is more 
likely to cause ‘invisible’ accumulating damage in the semi-
conductor devices (leading to eventual failure), when com-
pared to the simpler steady-state heating process that is 
observed in continuous duty-cycle applications. This is 
particularly important in a medical equipment application, 
such as a TMS machine, where the safety of the patient and 
operator may be at risk.

This research consists of the following sections: in the 
first section, the proposed structure for the magnetic 
stimulator device is introduced. Then the driver design 
for the equal current distribution between parallel-IGBTs 
is explained. The measured results of the experimental 
prototype are given in the results section. Finally, the dis-
cussion about the key findings, limitation of the proposed 
circuit and conclusion are presented.

2  Materials and methods

As illustrated in Fig. 1a, the mains ac voltage is converted 
to the DC voltage by full-wave diode rectifier, then DC-link 
capacitors are charged  (VDC). Then the H-bridge inverter 
generates the near-rectangular pulse waveform from the 

Fig. 1  The proposed struc-
ture for the TMS device. a The 
overall diagram of the imple-
mented system. b Parallel-
IGBTs architecture for the 
inverter block to reduce the 
current stress in the H-bridge
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DC voltage with frequency switching concept. Depending 
on the required DC voltage level, a step-up transformer 
may be placed before the rectifier. The proposed circuit 
uses eight IGBT switches to reduce the current stress, 
forming an H-bridge, as shown in Fig. 1b. The complete 
laboratory TMS setup is represented in Fig. 2 which are 
connected to the stimulation coil (L).

The proposed device is controlled by a MicroLabBox 
(dSPACE GmbH, Germany) digital control system (control-
ler). IGBTs are connected in parallel in order to increase 
the current capability. The H-bridge structure is advanta-
geous when compared to the cTMS structure as it requires 
only one DC source. However, some disadvantages of the 
H-bridge structure must be considered. The manufac-
turing process variations can cause tolerances in power 
switch parameters such as stray inductance. In addition 
to them, the parasitic inductance of the power circuit and 
different propagation delays in the driver systems may 
increase asymmetrical current sharing between parallel-
connected IGBT switches [18].

The driver circuit plays a key role in resolving these 
problems. For instance, in the individual driver concept, 
where each IGBT module has a separate driver, differences 
in the signal propagation times to the IGBTs, dissimilar 
gate-emitter voltages, and jitter (time offset due to the 
digital drivers having their own system clock) are the main 
factors for the asymmetric distribution of current. In con-
trast, in the central driver concept, all the parallel switches 
are controlled by one driver. As long as the single driver 
is suitably sized so that it can provide the necessary cur-
rent to all the IGBTs connected to it, the turning-on and 
turning-off speed of the switches is not reduced.

In power circuits, if high currents are switched rap-
idly, the stray inductance in the circuit causes a voltage 
overshoot. This overvoltage may overstep the maximum 
blocking voltage of the IGBTs that can damage the power 
switches [19]. The snubbers can effectively protect against 
voltage overshoot during the switching transitions and 
keep an IGBT in the safe operation area. Snubbers are 
connected in parallel to the Emitter–Collector of IGBTs, as 
shown in Fig. 2 The DC link contains a full-wave diode rec-
tifier, a capacitive charge limiting resistor with four pulse 
capacitors. This block rectifies the voltage received from 
the main socket and charges the capacitors. The capaci-
tor series structure increases its operating voltage (up to 
1000 V), and its parallel structure increases capacitance 
 (Ctot = 10 mF).

3  Driver

In this research, the central driver is selected and imple-
mented, as demonstrated in Figs. 1 and 3. As shown in 
Fig. 3a, suppose two parallel IGBTs (S1 and S2) are con-
nected to the driver directly and there is no resistance 
between the emitters and the driver  (RE = 0). Dissimilar 
stray inductances  (Ls1 ≠  Ls2) or different switching behav-
iour result in different voltage drops  (VLs1 ≠  VLs2). This volt-
age difference will cause static and dynamic imbalances 
between the two emitter currents  (IE1,  IE2).

Current sharing between IGBTs can be encouraged by 
adding two low-ohmic-value resistors between the emit-
ters and the driver  (RE): if one IGBT turns on more quickly, 
its rate-of-rise of collector current will be greater, and so 

Fig. 2  Experimental TMS Setup. a Physical assembly and stimu-
lation coil. b Internal hardware for the TMS box. The coil voltage 
and current were measured via a high-voltage differential probe 

(TA044, PICO TECHNOLOGY, UK) and a Rogowski current probe 
(I6000S FLEX-24, FLUKE, USA), respectively
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a greater voltage drop will be created across its emitter 
inductance, this in turn reduces the effective Gate-Emit-
ter voltage seen by the IGBT, causing its turn-on speed 
to be reduced. Under the assumption that 

(

I
C1 + I

C2

)

≫ I
E
 

this can be modelled by

It can be seen that the faster switching device (higher 
di/dt) experiences a reduction in gate-emitter voltage 
(which will tend to decrease its switching speed) and 
the slower switching device (lower di/dt) will experience 
an increase in gate-emitter voltage (which will tend to 
increase its switching speed)—i.e. a negative feedback 
system has been formed [20].

In essence, the emitter resistors allow unequal gate-
emitter voltages for the two IGBTs by limiting the cir-
culating current  IE to a reasonable value. The choice of 
emitter resistor value should be high enough such that 
the magnitude of  IE is suitably limited, but low enough to 
ensure the Gate-Emitter capacitance can be charged/dis-
charged by the gate drive suitably quickly. If the value is 
high, the switching speed of both IGBTs will be reduced 
(causing power losses to increase). If the value of resist-
ance is increased too far, transient instability may result. 
In practice, a choice of resistor value that causes a peak 
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circulating current  IE equal to the driver rating is rea-
sonable (in this application, I

E
≈ 20A , compared to I

C
≈ 

1.8 kA).
Artificially increasing the emitter inductances L

s1 and 
L
s2 beyond that naturally occurring in the circuit will tend 

to increase the strength of the balancing effect. Such an 
increase should be made with caution as it will tend to 
decrease stability and may led to destructive oscillatory 
or double-switching behaviour in the IGBTs.

Note that in each leg, the upper and lower switches 
are complementarily controlled and under no circum-
stances should they be turned on at the same time. This 
will short-circuit the DC link (termed a ‘shoot-through 
condition’) and likely destroy the circuit. Such behav-
iour can occur due to asymmetric delay times of control 
signal paths. Dead-time circuits may be used to prevent 
this [21].

The high switching speeds of IGBTs are an intrinsic 
source of electromagnetic interference (EMI) [22]. These 
EMI sources are readily coupled to nearby cables and 
printed circuit boards. Remedial actions (such as adding 
shielding) may be necessary to prevent undesired behav-
iour. Finally, to protect the sensitive gate-emitter termi-
nal from voltage transients induced by driver output, EMI 
and other temporary voltage events, transient voltage 
suppression diodes (TVS) can be incorporated into the 
gate driver circuit. The final structure of the driver is illus-
trated in Fig. 3b and proposed neurostimulator compo-
nents in Table 1. The gate driver is a two-channel driver 
core that provides a voltage swing of + 15 V/–8 V. The 
application of negative off-state voltage helps prevent 
the IGBTs from being turned on unintentionally. It is esti-
mated that the overall parasitic inductance is L

S
≈ 120 nH 

for each IGBT. The optimal  RE is found by increasing the 
value, starting at 0.1 Ω, until satisfactory current sharing 
is achieved (within 5%).
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4  Results

The magnetic pulse generator has been characterized 
experimentally. For instance, a 95 µs square stimulus 
(55  µs positive and 40  µs negative phase) is shown 
in Fig.  4. The values of coils’ voltage and current are 
dependent on the coil inductance, the stimulus pulse 
width and the amplitude of the capacitor voltage. The 
resulting output pulse has three different voltage lev-
els,  Vcoil = {VDC, −  VDC, 0};  VDC is adjustable via the variable 
autotransformer. The circuit was investigated with a DC-
link voltage of  VDC = 1000 V and a peak output current 
of up to 3.6 kA (peak-to-peak coil current 7.2 kA). The 
maximum positive pulse width in the proposed TMS 
device is up to 600 µs, which is adjustable by the opera-
tor at a step resolution of 10 µs. The maximum trans-
ferred energy to the treatment coil was measured to 
be 100.4 J. The measurements were done with a digital 
oscilloscope and 250 MSa/s sampling rate, without any 
switching spikes filtering.

To investigate the effect of the presence of the Emit-
ter resistances on the parallel-IGBTs current balance, two 
experiments were performed in two different states. For 
this purpose, a stimulus waveform similar to Fig. 4 was pro-
duced with and without emitter resistor. The currents were 
measured in the parallel switches S1 and S2, according to 
the circuit in Fig. 3b, and the peak coil current was  Icoil = 3.2 
kA. In the first experiment, the Emitter resistances were set 
to zero  (RE = 0). The results of the current measurements of 
each IGBT are shown in Fig. 5a. As a result of the different 
gate-emitter voltages in S1 and S2, arising from the dif-
ferent voltage drops in the parasitic inductors, the current 
sharing is not equal. The current of S1 and S2 is 40 and 60% 
of the total output current, respectively. By adding Emit-
ter resistances and repeating the experiment  (RE = 0.5 Ω, 
according to Table 1), the results of Fig. 5b are obtained. 
The currents are almost symmetrically divided. Therefore, 
it can be concluded that the proposed structure for two 
parallel switch drivers was able to achieve an acceptable 
current sharing balance.

Table 1  Key components of the proposed magnetic pulse generator

Component Assignment Rating Part Number Manufacturer

S1-S4 and S1′-S4’ IGBT 1.2 kV-1.8 kA SEMiX603GB12E4p Semikron
L Stimulation coil 15.5 µH D70 Remote Coil Magstim
Scale 2 + driver core Gate driver core VGEon = 15 V,  VGEoff = −8 V 2SC0106T2A1-12 Power Integrations
DC-link capacitor Pulse capacitor 10,000 μF, 500 VDC ALS70A103NT500 KEMET Electronics
TVS Transient V. suppressor VBreak-down =  ± 19.7 V SMBJ16CA Littelfuse Inc
R1, R2 Turn off and turn on resistor 22 Ω RCC025 22R J Arcol
RGE Gate-emitter resistor 22 kΩ RCC050 22 K J Arcol
RE Feedback resistor 500 mΩ AP821 R5 J Arcol
Controller Digital controller Time res.: 10 ns MicroLabBox dSPACE

Fig. 4  Measured coil voltage 
 (Vcoil) and coil current  (Icoil) for 
95 µs square stimulus (55 µs 
positive and 40 µs negative 
phase). The measurement 
locations of  (Vcoil) and  (Icoil) 
parameters are shown in Fig. 1
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5  Discussion

The implemented TMS circuit is based on the new para-
digm that proposed to use the H-bridge and parallel- 
IGBTs technique that can change the magnetic stimulus 
waveform and reduce current stress on the IGBTs. Cur-
rent magnetic stimulators restrict the implementation 
of new magnetic stimulation protocols in the TMS tests. 
Most of these restrictions are due to the circuit princi-
ples by which magnetic stimulators work. One of the key 
technical limitations of them is the pulse shape and pat-
tern which can restrict the clinical effectiveness of the 
TMS devices and limit their potential in research. Also 
producing sequential and stable stimuli at high repeti-
tion rates is one of the main challenges of this method. 
The output of the proposed device develops beyond 
conventional stimuli such as rectangular or damped 
Cosine waveforms and proceed toward an arbitrary 

stimulus. Novel stimuli shapes may have practical ben-
efits over the pulses produced by current-generation 
magnetic stimulators for clinical trials. Since parallel 
IGBTs allow the generation of near-rectangular stimuli 
with a high repetition rate, the pulse train can be used to 
generate magnetic stimuli with modulation techniques, 
such as pulse width modulation (PWM). The modulation 
method enables the management of the output wave-
form, frequency, and pattern of the treatment paradigm 
with cost-effective and reliable methods. More details on 
the modulation approach in the TMS devices are avail-
able in [23].

Figure 6 is an example of generated PWM magnetic 
stimuli to mimic a 2.5 kHz cosine pulse. The intrinsic low-
frequency nature of the neural tissues attenuates the 
high-frequency harmonics of the pulse, and the mem-
brane voltage changes will be close to ideal [23].

Fig. 5  Effect of Emitter feedback on IGBT current sharing; a Absence of emitter resistors; b Emitter resistors included. It is seen that the lack 
of feedback in the Emitter loop causes an unequal distribution of current in the IGBTs. Each square represents 1 kA current in 20 µs

Fig. 6  Measured waveforms 
for 2.5 kHz biphasic stimulus 
(PWM-equivalent for the 
Cosine stimulus)
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6  Conclusion

TMS devices play a fundamental role in many non-
invasive brain modulation solutions in various fields 
of diagnostics and clinical neuroscience. The proposed 
neurostimulator enables more flexible magnetic stimu-
lus shaping by H-bridge architecture and parallel IGBTs. 
As well, the controllable stimulus shaping can poten-
tially enhance the neural population selectivity [24]. 
One of the major concerns in the new designs of TMS 
devices is the large current stress applied to the power 
switches and the associated risks of device failure. Par-
alleling IGBTs becomes necessary for TMS devices with 
higher output power ratings and duty cycles (such as 
high frequency rTMS or QPS) where a single IGBT is not 
adequate. Parallel IGBTs introduce challenges in keeping 
an equal current distribution while ensuring a fast turn-
on and turn-off time; the central driver concept and IGBT 
Emitter resistors can be used to achieve this.

One of the limitations of the proposed design is the 
relatively large size of the implemented circuit, com-
pared to conventional TMS systems. Also, due to the 
sequential switching of the IGBTs, there is a possibility 
of increasing switching power losses and the higher die 
temperature, which should be further investigated for 
repetitive TMS protocols. The effects of high-frequency 
harmonics, induced by the rectangular magnetic stimuli, 
on the neural behavior should also be further examined.

In summary, the necessity of using parallel IGBTs to 
decrease current stress and to maintain all switches 
within their safe operating area was investigated. The 
proposed circuits have been experimentally character-
ized. The measured results indicated that the proposed 
driver circuit can distribute equal current between paral-
lel IGBTs, in both static and dynamic states, while safely 
generating pulses with a width of up to 600 μs.
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