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Abstract

This work presents a solution for induction heating application using a blocking circuit,
the significant advantages of which include power conversion using a single switch and
adjustable heat conversion in the absence of a driver circuit. Equations governing circuit
operation are derived based on empirical concepts used to explain the conduction states.
Physics-based analytic models are presented to learn how an induction coil behaves de-
pending on its geometry and ability to heat transfer toward a low-grade ferrous composite
used as the target material, and the bipolar transistor depending on its junction temperature
upon space-charge-limited conduction by ionized donor and acceptor impurities. Blocking
state-dependent current–voltage characteristics define an iterative design strategy. Exper-
imental results taken from a laboratory prototype built with a commercial NPN Silicon
Power Transistor from ON Semiconductor (with part number MJE13005G, Scottsdale, AZ,
USA) confirm that temperature adjustments in the heated target when the blocking state
changes can be managed from an external resistor connected to the bipolar transistor.

Keywords: blocking state in bipolar transistor; physics-based analytic models; magnetizing-
based heat conversion; single-switch converter; clinic treatment devices

1. Introduction
Induction heating (IH) is of great interest from the perspective of innovative circuit

design strategies, where IH can be classified as a wireless power transfer (WPT) technology
used in many industrial, domestic, and medical applications [1]. It is based on coupling
phenomena between an induction coil and a ferromagnetic material like iron and its alloys,
which have low resistivity and high permeability, with values from 100 to 500. Nevertheless,
it can result in unintended human electromagnetic field (EMF) exposure characterized by
shallow penetration at specific absorption rates into closed environments [2]. From a safety
perspective, the contribution of EMF emissions is generally smaller and therefore not the
dominant EMF exposure source compared to applications in which they are generated by
coupling structures; however, with new evidence, there is a trend toward scaling operating
frequencies to greater than 300 kHz up to several MHz. Therefore, further challenges in
determining optimized engineering solutions for IH applications are expected, for example,
in accurate local heating of biological tissues [1,3].

Two different converter strategies for induction heating are taken into account: res-
onant converters and single-switch converters. In the first strategy, IGBT and MOSFET
devices are commonly used. From Table 1, it can be concluded that their driver technol-
ogy uses complex signal processing to support medium- and higher-power applications;
however, in accordance with semiconductor technology, power losses are usually lower
under switching regime at frequencies ranging from 20 kHz to 1 MHz. In the second strat-
egy, driver technologies can be focused on analog and digital signal processing or hybrid
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methods to support low- and medium-power applications and to operate at frequencies
lower than 500 kHz, where power losses are negligible in MOSFET, in accordance with
their switching times and lower ON-resistance values. However, in commercial BT devices,
the power losses must be taken into account.

Table 1. Comparison of the different configuration parameters applied to induction heating [1,4].

Parameter Full-Bridge Series
Resonant Converter

Half-Bridge Series
Resonant Converter

Zero-Voltage-
Switching Converter Proposed Converter

Semiconductor type IGBT MOSFET MOSFET BT

Switching times <500 ns <100 ns <100 ns <1 µs

Driver technology Current-phase control Pulse-width
modulation (PWM)

Modern adaptive
control Nonexistence

Application Industrial systems
(150 to 300 ◦C)

Industrial and domestic
systems

Domestic induction
cookers (~200 ◦C)

Clinical treatment
(Hyperthermia) (~50 ◦C)

Heating principle Eddy currents and
magnetic hysteresis Eddy currents Eddy currents Magnetic hysteresis

Operating frequency Low (<20 kHz) High (>100 kHz) Medium (<100 kHz) High (<400 kHz)

Power losses Medium Low Negligible Medium

The main advantage of resonant converters is that the dominant heating principle is
based on eddy-current phenomena, in which the induction targets commonly used are
non-ferrous metals (aluminum and copper) heated to temperatures > 100 ◦C. However,
a major disadvantage is that due to the Joule effect, eddy currents are converted to heat
energy that does not dissipate easily. Additionally, induction heating can be created if
ferromagnetic materials are used and single-switch converters are chosen.

It has been documented that due to their high resistivity and low permeability, linear
conductive materials such as aluminum, copper, and other non-ferrous metals are generally
unsuitable for low-power IH applications in the absence of ferromagnetic materials [2].
However, other applications, such as in non-invasive treatment devices used for electro-
magnetic heating in cancer treatment therapy, those used for local heating to target tumors
and infections around implants, and those made with low-resistivity metals to minimize
damage to healthy tissue while maximizing the therapeutic impact, are now of research
interest. It is desirable to design a novel adjustable heating source that allows special
ferromagnetic metals to be homogenously heated and placed in the area needing clinic
treatment, where the induction depth can be driven through a specific inductor chosen to
allow short heating times at temperatures close to 50 ◦C [4].

The blocking circuit shown in Figure 1a has been previously applied for power conver-
sion in switching-mode power supplies [5]. It comprises one transformer whose primary
winding is connected in series with the collector while its secondary winding is connected
in series with a resistor, R2 and with the base in the bipolar transistor (BT). A trigger
current source passing through the resistor, R1, serves as startup forward bias across the
base–emitter junction. In order to demonstrate that the blocking state in a bipolar transistor
is suitable for power conversion of adjustable heat energy, this work highlights several ad-
vantages of the blocking circuit, such as its low power consumption, lack of a driver circuit,
and temperature adjustment ability in a single power stage of conversion in comparison
with the well-known half-bridge series resonant circuits that provide the most efficient
energy conversion by minimizing switching losses.

https://doi.org/10.3390/electronics15174022

https://doi.org/10.3390/electronics15174022


Electronics 2026, 15, 4022 3 of 15

  
(a) (b) 

Figure 1. (a) Conventional blocking circuit; (b) proposed blocking circuit for IH application.

Such resonant converters comprise a complex control circuit, an input current detection
circuit, a resonant current detection circuit, and a gate driver circuit for the switching of
metal–oxide–semiconductor field-effect transistors (MOSFETs) or insulated-gate bipolar
transistors (IGBT) in multiple-switch high-frequency inverters [3,6]. An induction coil, LH ,
and a passive circuit comprising a series-connected coupling capacitor, C, and a resistor, R3,
parallelly connected in the base–emitter junction of the BT enable the proposed blocking
circuit shown in Figure 1b for low-power IH applications to emerge as a practical clinic
treatment device.

This paper is divided into the following sections: Section 2 describes the operating
modes involved in the proposed blocking circuit through transient analysis to validate the
equations governing different conduction states. Using physical-based analytical models,
Section 3 is divided into three stages to firstly learn how temperature affects induction
coils and bipolar transistors; secondly, an iterative analysis focused on curve adjustments
is conducted to define the design strategy, and thirdly, predictive capability of modeling
results from a physical point of view are verified in a prototype circuit. Section 4 concludes
this paper and suggests potential future work.

2. Operation Principle
The basic operation of the proposed blocking circuit can be described via a physics-

based investigation of its dynamic behavior, which can be divided into two operating
modes, to understand how the blocking state can enable induction heating (IH). Using
the dynamic conduction analysis, simplified equations governing circuit operation are
deduced. The detailed depiction of each mode is given below.

Figure 2a shows the transient current paths and potentials involved during mode 1.
The startup operation occurs when the base–emitter junction is biased with a base-to-
emitter voltage, VBE, such that the bipolar transistor (BT) becomes quasi-saturated, while
the instantaneous collector current, iC, builds up in both the induction coil, LH , and primary
inductance, L1, in the transformer. The magnetizing energy is stored rapidly, and from L1,
the primary current is magnetically feedback to the base in direct proportion to the turn
ratio (n = N1/N2), with L2 as secondary inductance. The turn-on time is defined as the
time at which the conversion of magnetic energy into heat energy inside the LH is governed
by iC upon instantaneous base current iB assumed only by N1/N2 in the transformer.
Accordingly, the equations governing the response in mode 1 are

VCD − VBE

(
R1

R3
+ 1

)
= R1 IB, (1)
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VCD − M
diB
dt

= L1
diC
dt

+ rON iC, (2)

  
(a) (b) 

Figure 2. Operation of the proposed blocking circuit: (a) turn-on time in mode 1; (b) turn-off time in
mode 2.

Once iB builds up, a blocking current, IBE, as a trigger current source of sufficient
magnitude and width is generated to bring the p-n+ junction diode of the BT at its blocking
state with VB as the blocking voltage signal, where at the blocking state, accumulated
minority charge carried (electrons) in the base decays exponentially with delay time in
absence of a current collector; likewise, bias current becomes very small. The turn-off
time is determined when the magnetizing energy stored in both LH and L1 inductances
is dissipated through the collector–emitter junction; then, iB will decrease because the
iC magnetically feedback to the base such that the circuit regenerates back into a quasi-
saturated state where the BT is back-biased from VCD across the resistor R1 to recover its
stable operating point (mode 1). Figure 2b shows the transient current paths and potentials
involved during mode 2. The equation governing the blocking state is

−dVB
dt

+ M
d2iC

dt2 = −L2
d2iB

dt2 − R2
diB
dt

− C−1iB, (3)

As shown in Figure 2, VCD is the voltage used to energize the circuit, VBE is the base-to-
emitter ON voltage, rON is the ON resistance when iC flows through the collector–emitter
junction in mode 1, and M = α

√
L1L2 is the mutual inductance between L1 and L2 as a

function of α, which acts as a coupling coefficient. It is accepted that the circuit operates non-
linearly; thus, magnetic coupling is dependent on a dynamic current gain, βd∼ N+

E /N−
B [7],

and ratio iC/iB, which, in turn, change continuously from quasi-saturated states to blocking
states. Thus, as the operating states in BT obeys the large-signal transient regime, VB must
have sufficient magnitude to ensure a stable turn-off time.

3. Results and Discussion
3.1. Temperature in Induction Coils and Bipolar Transistors

Because the primary purpose of induction heating (IH) is to maximize the heat flux
generated on the inner wall of a target material (TM) to be heated, heat-dependent electro-
magnetic properties must be taken into account when an alternating current (AC) power
supply energizes an induction coil, where a magnetic field is formed around it and the TM
placed into the magnetic field causes a change in the velocity of the magnetic flux lines.
Therefore, the heating depth (δH) is determined by the density of the induced current and
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concentrated in air gaps to be converted into heat energy, a process dependent on skin

depth, defined as δ =
√
(πµ0σC fSW)−1, which diminishes when it is flowing closer to the

center relative to the inner wall of the induction coil [2]. As the instantaneous AC flowing
through the induction coil increases as a function of the operating frequency, the current
density around the surface of a TM also intensifies accordingly.

It is well-known that heat transfer through a medium is a three-dimensional phe-
nomenon, where the rate of heat flux through a medium at any point on the surface of
any conductive material is perpendicular to that on the surface, as expressed by Fourier’s
law of heat conduction, −κT A∇T, where the temperature gradient, ∇T, is negative be-
cause heat diffusion occurs in the positive direction as temperature decreases [8]. Physics
analysis to understand how heat distribution operates in a TM dependent on the driving
force for heat transfer when the temperature changes can incorporate energy flux from
an induction coil at different surface directions if a power equation solved by −π2r4d dB

dt
describes how the energy flux circulates in air gaps from a circular coil [2,5]. Accordingly,
empirical electromagnetic–thermal modeling restricted to simple geometrical features such
as flat or nearly curved surfaces can be conducted with sufficient accuracy to learn how
the phenomenon of induction heating behaves. An energy balance between heat flux
and energy flux when convection and radiation occur simultaneously at the interface be-
tween the circular coil and the TM [7] can be expressed as the following time-dependent
diffusion equation:

κT A
dT
dδ

= π2r4d
dBair

dt
, (4)

Heat transfer can be computed as a one-dimensional phenomenon using Equation (4),
with dT = TS − TA, dBair = Bair × 10−6, dδ = δH , dt = f−1

SW = πµ0σC δ2, and δ = 0.05 cm
as a reference parameter. Here, A = lHwH is the area of lower curvature in the inner wall
of the circular coil, where the heated target adsorbs energy and TS is its resulting surface
temperature, with TA = 25 ◦C as the initial temperature that corresponds to the ambient
temperature, µ0 = 4π × 10−7 Hym−1 as the permeability of vacuum, σC = 1 × 107 Sm−1

is the electrical conductivity of the copper wires used in circular coils with a single layer of
multiple turns, and d = 1.5 × 10−3 mm−2 is the current density of wires for windings in
small switching-mode transformers operating at low power and high frequencies [5].

Due to the junction temperature, TJ , inside an NPN power bipolar transistor is dissi-
pated in the form of heat and can be significantly greater than the ambient temperature,
semiconductor parameters such as the diffusion coefficient, Dn, for the minority charge
carriers (electrons) in the base region; the impurity density of an acceptor, NB, in the base re-
gion; and its widening, WSC, as space charge toward the collector region can be sensitive to
significant increases in temperature [7]. Then, the heat transferred via conduction, radiation,
and convection mechanisms must be removed in the NPN power bipolar transistor using
an adequate heat sink structure manufactured from aluminum alloy 6063 to absorb heat
and limit the rise in their package temperature (case temperature, TC) caused by thermal
conduction and transfer it away to the surrounding atmosphere [9].

Since power dissipation is dependent on several power loss mechanisms, when
the transient TJ is significantly different from its average value, only switching losses,
PSW = 0.5VSW ION fSW(tR + tF) and conduction losses, PD = DrON I2

ON are dominant mech-
anisms under a switching regime [10]. Due to the low-impurity density of donor NC

in the collector region, charge accumulation inside the collector region stimulates space-
charge-limited conduction (SCLC), which results in an increase in base width, WB, from
WB to (WB + WC)/2 in NPN power bipolar transistors, with WC, the collector’s width,
being larger than the emitter’s width, WE [7,11]. In addition, two limitations on power
management in modern NPN power bipolar transistors are enabled: thermal runaway and
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avalanche breakdown. Both events occur at higher temperatures and in turn raise the base
and collector currents, with TC increasing to 150 ◦C or more during conduction and WSC

growing considerably.
Due to the average TJ under transient operation, the NPN power bipolar transistor

can rise with rapid temperature changes, causing fatigue and eventual failure after a finite
number of thermal cycles; thus, the VB signal injected in the p-n+ junction diode must have
a shorter turn-off time, tOFF, to set a blocking state in the circuit of Figure 2 [5]. Therefore, to
evaluate power losses under high-frequency switching, the concept of thermal impedance,
defined as Z(tON , D) = r(tON)Rθ(J−C), is pertinent [10] to analyze how average TJ changes
in the presence of switching states can be calculated with

TJ − TA

Z(tON , D)
= PD + PSW , (5)

3.2. Blocking State Dependence of Design Strategy

A more exact comprehension of the blocking state in Figure 2 can be developed;
however, some conditions must be taken into account. From the principle of operation
described in Section 2, for the blocking state phenomenon to be nonlinear in nature, |VB|
must be larger than VBE in magnitude, and IBE > IB, where IBE is dependent on the
βd I2

BE = iBiC condition to ensure reliable quasi-saturated and blocking states. Approx-
imated solutions for Equations (2) and (3) using the well-known analytical method to
solve the first- and second-order linear differential equations can be determined with the
following initial conditions: (a) under the startup condition, VCD = 0 to ensure circuit
passivation, while iB = constant to ensure constant bias current in (2). (b) under the cutoff
condition, VB = constant to ensure a blocking state, while iC = 0 to ensure M = 0 in the
primary to secondary windings of Equation (3). The solution for iC and iB can be written
as follows:

iC(t) = IC

[
1 − exp

(
− rON

L1
t
)]

, (6)

iB(t) = −IBexp
(
−R2

L2
t
)

cos
1√
L2C

t, (7)

To determine the dynamic response of the VB signal, the relationship between current
and voltage in the transformer is deduced from Equation (3) as a function of iC and iB

currents, and inductances L1, L2 and M are determined as follows:

VB = −M
diC
dt

− L2
diB
dt

, (8)

A design strategy based on iterative adjustment of curves and using theoretic physical
parameters from commercial NPN power bipolar transistors in which their manufacturer’s
datasheet is available is proposed first. To achieve linear response and high current gain
in the bipolar transistor in Figure 2, the resistor R1 can be estimated from Ohm’s law
((VCD − VBE)I−1

B ), with β = 100 and VCD chosen from the safe-operating-area (SOA) curve
at a forward bias of IC ∼ 1000 mA, while R2 < R1 because VB > VBE during the blocking
state. According to the ON characteristics declared in datasheets for silicon-based NPN
power bipolar transistors available in the market, physical parameters such as maximum
IC ∼ 5 A and IB ∼ 0.5 A, as well as rON ∼ 2 Ω, which is dependent on VBE ∼ 1.2 V
and obtained from the SOA curve (VCD = 40 V) to operate at IC ∼ 1000 mA, are general
purpose values for high-speed applications. Then, theoretic curves for IBE and VB can be
searched using reference parameters, such as R1 < 100 kΩ, R2 < 10 kΩ, C < 10 nF, and
n > 1, to operate the coreless transformer at switching frequencies lower than 500 kHz,
in accordance with the n2 = L1/L2 condition [4,12]. To iteratively adjust βd I2

BE = iBiC,

https://doi.org/10.3390/electronics15174022

https://doi.org/10.3390/electronics15174022


Electronics 2026, 15, 4022 7 of 15

Equations (6) and (7) are used, where L1 < 500 µH and L2 < 50 µH are the initial
parameters used to obtain an optimal solution when IBE > IB.

Figure 3a shows how IBE behaves in relation to βd at different values of ionized
impurity densities; N+

E is in the emitter region, and N−
B = 5 × 1013 cm−3 represents the

effective ionized impurity density in the base region [7]. It can be seen that as N+
E increases,

the magnitude of IBE becomes smaller. Using Equation (8), the variation in the VB signal,
shown in Figure 3b indicates that when the coupling capacitor, C, decreases in value and
M ∼ 80 µH with α = 0.5 for high-frequency coreless transformers, the magnitude of
VB reduces [13]. It is observed that C ≤ 1 nF must be chosen to ensure that VB has an
acceptable magnitude in comparison with the maximum base-to-emitter voltage declared
on the manufacture’s datasheet.

 

Figure 3. Blocking state in a bipolar transistor: (a) blocking current signal dependent on ionized
impurity density; (b) blocking voltage signal dependent on the coupling capacitor.

To clarify how the external R3 parallel-connected in the base–emitter junction is
capable of adjusting the heat transfer from the magnetizing energy in the induction coil,
it is show that SCLC in the p-n+ junction diode built into the base–emitter junction obeys

IB ∼ SBEDnn2
i (WSC NB)

−1
[

e(
qVBE

kT ) − 1
]

as the base current. Thus, Equation (1) is used to

solve the theoretic curves shown in Figure 4a. Furthermore, since the injected majority-
carrier density inside the base region from the emitter region is extended, space-charge
widening, WSC, toward the collector region also increases, which, in turn, causes abrupt
changes in conductivity through the collector–emitter junction to decrease and β, where
IC = βIB, to descend when the blocking circuit is transiently triggered from the regenerative
point to the quasi-saturated operating point as the junction temperature, TJ , is raised.

From Figure 4a, it is clear that when R3 increases, WSC also increases nonlinearly;
however, if the TJ in the p-n+ junction diode rises to 120 ◦C or more, WSC quickly de-
creases, which means that the NPN power bipolar transistor is prone to damage caused
by thermal runaway. In contrast, to cause the bipolar transistor to impart stable energy,
TJ must be lower than 80 ◦C to ensure that WSC can increase gradually as a function of
adjustment in R3. Curves in Figure 4a were solved by iteratively adjusting Equation (1),
with k = 8.62 × 10−5 eVK−1 as the Boltzmann constant; T = TJ + 273.15 in degrees Kelvin,
where TJ is shown in degrees Celsius; SBE = 6 × 10−5 cm2 represents the cross-section
area for mobile carries across the base–emitter junction; and ni = 1.45 × 1010 cm−3 is the
intrinsic carrier concentration of silicon at room temperature [7].
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Figure 4. (a) Action of R3 as a function of the SCLC dependent on junction temperature; (b) voltage
conversion ratio dependent on the base current.

Because iC is shared between LH and L1 through the bipolar transistor, as shown in
Figure 2, it is important to learn how instantaneous induction voltage, vI = LH

dic
dt , and the

VB signal are interrelated to properly operate a blocking state with the coreless transformer
chosen, as there must be a voltage conversion ratio, vI/VB, that operates as a function of
different values of the bias current, IB. Similarly, to ensure magnetizing energy balance
between LH and L1 and to preserve power consumption, it must be taken into account that
LH > L1 is a design condition. It can be observed from Figure 4b that when IB is lower, the
energy transferred toward LH change from the blocking state to the quasi-saturated state.

3.3. Experimental Results

Due to the existence of single-layer coreless circular coils with multiple turns and
inductance values lower than 1 mH, induction coils can be manufactured on molds with
radii lower than 10 cm; a low-grade ferrous (Fe-FeSn2-Sn) composite that consists of
0.1 wt% carbon–iron sheets coated with a thin layer of tin, commonly used as an internally
lacquered food and beverage packaging with low-level toxicity for canned food [10,14,15],
which is classified as a nearly linear material with average thermal conductivity, where
κT = 80 Wm−1K−1 [8], was chosen as the target material (TM); it has a radius of 2 cm,
a length of 5 cm, and inner-wall dimensions of length lH = 5 × 10−2 m and width
wH = 2.5 × 10−2 m, representing the heating region. To determine how heating depth, δH ,
behaves, 3D curves describing two scenarios were plotted using Equation (4).

Figure 5a describes how δH changes when the radius in the induction coil is constant
(r = 2.5 cm), while the surface temperature, TS, and Bair increase from 30 ◦C to 100 ◦C and
from 20 G to 60 G, respectively. For circular induction coils with radius r ranging from 1 cm
to 5 cm and surface temperature, TS, increasing from 30 ◦C to 100 ◦C, Figure 5b reveals
how the heat distribution occurs when magnetic flux density is constant (Bair = 60 G).

To calculate the temperature ratings in the bipolar transistor when short time pulses
of high-voltage flow through the collector–emitter junction and high-frequency currents
lower than 1000 mA activate a blocking state, the commercial NPN Silicon Power Transistor
(type MJE13005G; ON Semiconductor) was used for predictive analysis. The principle of
operation described in Section 2 defines how inductive load is connected to the collector
in the bipolar transistor, according to the manufacturers’ datasheet for the MJE13005G
device; it specifies that the duty cycle for the VB signal must be D = 0.25 with a rise time
tR = 220 ns and a fall time tF = 550 ns. Additionally, the transient thermal impedance
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factor, r(tON) = 0.2, is a function of the turn-off time, while junction-case thermal resistance
is RON(J−C) = 1.67 ◦C/W.

 

Figure 5. Distribution of heat energy inside the TM in relation to the surface temperature: (a) the
radius of the induction coil is constant, while Bair is variable; (b) Bair is constant, while the radius of
the induction coil is variable.

To achieve a stable blocking state and a safe thermal cycle, the ratings in junction
temperature, TJ , were computed using the physical parameters of the MJE13005G device
at room temperature (Table 2), which were extracted from the manufacturers’ datasheet
and estimated from the literature [7]. Since both space-charge capacitance and the dif-
fusion of charge carries through the base–collector junction are responsible for thermal
effects, the switching losses, PSW , in Equation (5) must be dependent on transit-time effects

τt =
W2

SC
2Dn

∼ f−1
SW , where fSW is the switching frequency [16].

Table 2. Physical parameters of the commercial MJE130005G device.

Symbol Value Symbol Value

Dn 1.41 cm2/s VBE 1.2 V
NB ~2 × 1017 cm−3 VCE 0.5 to 1 V
NC ~5 × 1014 cm−3 rON 2.5 Ω
NE ~5 × 1019 cm−3 IC 4 A
WB ~10 µm VSW 700 V
WC ~50 µm β = hFE 8 to 40
WE ~30 µm TJ −65 to 150 ◦C

Figure 6 shows how TJ changes as a function of the ON current, with ION ranging
from 100 mA to 1000 mA under two conditions: (a) TJ is dependent on three different
values of space-charge widening, WSC, as shown in Figure 6a, assuming the maximum
case temperature TC = 50 ◦C in the MJE13005G device with TO-220 package [16]. (b) As
shown in Figure 6b, TJ changes according to the three examined TC values to generate
a quasi-saturated state at lower WSC = 5 × 10−3 cm, where majority-carrier density in
the base region is moved from the emitter region. Therefore, it can be specified that the
acceptable ION to operate the blocking circuit must be lower than 500 mA to trigger the
energy threshold to permit a rapid build-up of regeneration in response to reduces TJ and
shrinks WSC, which means that a medium electron density at the base–collector junction
approaches the majority-carrier density in the collector region. According to Figure 3, as
N+

E grows in the emitter region, the WSC is expected to shrink, which results in a smaller

https://doi.org/10.3390/electronics15174022

https://doi.org/10.3390/electronics15174022


Electronics 2026, 15, 4022 10 of 15

magnitude of the VB signal to ensure reduced minority-carrier injection from the collector
region toward the base region in response to the action of the coupling capacitor, C, together
with the resistor, R3, in the circuit of Figure 2.

 

Figure 6. Junction temperature in response to the ON current of the MJE13005G device: (a) change in
space-charge widening with TC constant; (b) change in junction temperature in the TO-220 package
with WSC constant.

A prototype circuit was built, and measurements were taken in order to validate the
earlier physics-based analytical model. To practically implement and verify the proposed
blocking circuit built with the commercial NPN Silicon Power Transistor from ON Semicon-
ductor (with part number MJE13005G), a full-bridge rectifier and an input filter capacitor
operating at a voltage of VAC = 84.5 V (peak magnitude) from the low-frequency AC
power supply were used, as shown in the diagram in Figure 7, to energize it, with average
TJ lower than 80 ◦C when short time pulses at high-frequency in both the base–emitter
junction and the collector–emitter junction are switching.

 

Figure 7. Schematic of the proposed blocking circuit with extra circuits to average TJ in the commercial
MJE13005G device for induction heating applications.

The practical components used in the prototype are listed in Table 3. Both the induction
coil and the coreless transformer were designed using a previous method of designing
coreless magnetic devices [4,13]. All the waveforms recorded were measured using a
digital storage oscilloscope (Tektronix (Beaverton, OR, USA), TDS1012C 100 MHz). The
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temperature measurement in both the MJE130005G device and the TM to be heated by
induction was performed using the precision integrated-circuit temperature sensor (type
LM35DZ; Texas Instruments (Kuala Lumpur, Malaysia)) packaged in TO-92 plastic and
designed for a full range from −55 ◦C to 150 ◦C [17].

Table 3. List of components for the prototype circuit.

Symbol Component Description

D1 to D4 Full-bridge rectifier at 1000 mA

C1 Polyester, 470 nF/250 V

R1, and R2 22 kΩ (1/2 W at 5%), and 820 Ω (1 W at 5%)

R3 100 Ω to 500 Ω (variable resistor)

C2 ESR, ceramic, 1 nF/50 V,

L1 550 µH (N1 = 350 turns), 32 AWG wire, and AE = 0.25 cm2

L2 50 µH (N2 = 25 turns), 32 AWG wire, and AE = 0.25 cm2

LH
650 µH (circular coil with single layer of 100 turns),
30 AWG wire, and r = 2.5 cm

Q MJE13005G; ON Semiconductor

In accordance with the TJ dependence in Figure 6, heat transfer from the in the TO-220
package of the MJE13005G device toward the surrounding atmosphere has values of TC

lower than 80 ◦C and TJ not exceeding 120 ◦C; a conventional heat sink with fins [5,9],
commonly used in power electronics with a surface area of 50 × 30 mm2 and a thickness of
2 mm, where nine fins are equally spaced 5 mm apart with 10 mm of height and a thickness
of 1 mm between each one, was chosen as the heat sink structure when the MJE13005G
device was mounted on it in absence of silicone grease.

To analyze the dynamic behavior in the blocking circuit, the chosen TM was placed
inside of an induction coil to evaluate the heating phenomena, as shown in Figure 7,
with typical waveforms from the prototype operating under maximum heating conditions
shown in Figure 8. The input VB signal in the base–emitter junction and the output VCE

signal at the collector–emitter junction are shown in Figure 8a, which also depicts the
operating states: the on-state voltage VBE = 1.2 V in the p-n+ junction diode, the blocking
state with VB = −18.2 V (peak magnitude) as the blocking voltage, and VCE = 800 V
(peak magnitude) during the cutoff state in the MJE13005G device. Figure 8b reveals that a
high-speed transition between the quasi-saturated state with a magnitude of VI = 72 V and
a blocking state with a magnitude of VI = −146 V defines an induction voltage, vI = LH

dic
dt ,

corresponding to an oscillating signal responsible for the magnetizing cycle during turn-on
time and the demagnetizing cycle during turn-off time. It was observed that such a vI

signal resulted in an asymmetrical curve in comparison with the symmetrical sinusoid
signals generated in half-bridge series resonant circuits [1]. The vI signal is responsible for
the fast change from the quasi-saturated state to the blocking state during the induction
heating process.

Taking R3 as a parameter, two waveforms of the alternating current (AC) signal were
registered. To validate the predictive operating range from Figure 4a, the magnitude of the
AC, IAC, was specified when R3 was fixed at a lower value of 150 Ω, as shown in Figure 9a,
and a higher value of 400 Ω, as shown in Figure 9b. When the LM35DZ sensor was placed
inside the TM, the maximum TS was also registered during the induction heating process.
Temperature evolution was also observed over 5 min, as depicted in Figure 10, where a
gradual change in temperature from 25 ◦C as the initial value to 60 ◦C as the final value on
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the inner wall of the TM was done in two scenarios: when R3 was adjusted to 150 Ω and
when R3 was adjusted to 400 Ω. However, when the LM35DZ sensor was placed on the
fins of the heat sink structure, a linear increase was observed in temperature from 60 ◦C to
70 ◦C, which means that the MJE13005G device was thermally stabilized.

 

Figure 8. Experimental waveforms from the base–emitter and collector–emitter junctions of the
MJE13005G device: (a) VBE in the on state, VB in the blocking state, and VCE in the cutoff state; (b) the
VI signal in the induction coil in comparison with the VCE signal in the cutoff state.

 

Figure 9. Experimental waveforms of the input current iAC signals: (a) R3 adjusted to 150 Ω; (b) R3

adjusted to 400 Ω.

By applying standard deviation analysis to the curves in Figure 10, fluctuations in

temperature can be calculated using σ =
√

1
N ∑N

n=1
[
Tn − Tavg

]2, where N is the total
number of values to be evaluated from the curves. When R3 = 150 Ω and Tavg = 35 ◦C are
expected, the deviation was σ ∼ 4.2 ◦C. However, a deviation of σ ∼ 9.45 ◦C is achieved
when R3 = 400 Ω and Tavg = 50 ◦C. The temperature–time curves show that instantaneous
heat dissipation will occur as a function of the heating time, and the gradual change in
temperature observed in Figure 10 confirms that the magnetic hysteresis phenomenon is
also responsible for the heating process [4,18].

It can be observed from Figure 8 that the measured switching frequency was 150 kHz,
where the time width for the VB signal during the blocking state resulted yielded 0.8 µs,
while that during the quasi-saturated state yielded 4 µs. In comparison, the theoretic times
during the blocking state was ∼0.35 µs and during the quasi-saturated state was ∼1.5 µs,
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as shown in Figure 3 with switching frequency of ∼500 kHz. A dynamic temperature
change inside the base region in the MJE13005G device is sensitive to causes practical
ON-resistance to be higher than rON as declared in Table 2 for iterative adjustment of
curves, and significant delay time by accumulated minority charge carriers [7]. A time
deviation was observed in the switching times among the predicted values and those
measured values, which indicates that predictive capability from the iterative adjustment
of curves is only useful as initial design guidance, but if practical rON > 2.5 Ω and delay
time ∼ 0.1 µs for MJE13005G device are taken into account in Equations (6) and (8), a closer
predictive capability can be succeeded. In agreement with Figure 6, there are errors less
than 10 ◦C for the temperature range from 60 ◦C to 70 ◦C, as measured in the heat sink
structure, when ION is lower than 200 mA, which shows that accuracy in the temperature
analysis is pertinent as the first design criteria.

 

Figure 10. Temperature–time curves to validate the heating kinetics in the TM when magnetic
hysteresis phenomenon is enabled by the blocking circuit.

Because the amount of stored energy (0.5I2
ACL) in both the inductor coil and the

primary inductance of the transformer is dependent on the quasi-saturated state at 4 µs, as
shown in Figure 8, 0.5I2

ACL significantly grows as a function of the AC power supply at a
line frequency of 60 Hz, but it is quickly dissipated in a short time span of 0.35 µs thanks to
the action of the coupling capacitor, C, together with a resistor, R3. Therefore, in accordance
with the inductive switching curves from the manufacture’s datasheet for the MJE13005G
device, if IC is lower than 10 mA and IB = 0 under OFF characteristics with TC lower than
80 ◦C, the voltage margin for VCE during blocking state in time interval of 2 µs in open
circuit can be only 15% more than VSW ∼ 700 V (maximum collector-to-emitter voltage).
The safe operating limit for MJE13005G device under repetitive maximum VCE ∼ 800 V
pulses can be securely by the discontinuous conduction mode, which occur before to startup
operation of the blocking circuit at two time intervals in the IAC signal, as shown in Figure 9,
characterized when magnitude of IAC achieves zero while VB < 9 V, and by the heat sink
structure chosen to preserve the package temperature ranging from 60 ◦C to 70 ◦C, when
the VCE signal was modulated by the AC power supply at a line frequency of 60 Hz, as
shown in Figure 7. As result, average VCE signal helped to compensate the temperature
rise during each 16.6 ms, which explains why the blocking circuit performs securely over
5 min, as shown in Figure 10.

The conversion of heat energy from magnetizing energy can be validated with an
overall energy balance analysis, where an average output power, POUT ∼ 0.5V I IAC,
yielded ∼ 5W in comparison with the input power, PIN ∼ 0.5VAC IAC, specified in Figure 9.
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Thus, approximated efficiency decreased from 80% to 60% when the magnitude of IAC

increased, which means that power loss variations in the building blocks of the proposed
blocking circuit in Figure 7 are significant. Using definitions of Pdiode = 2VD IAC (half-
bridge rectifier per cycle with VD ∼ 0.75 V), both PD = DrON I2

ON (conduction losses) and
PSW = 0.5VSW ION fSW(tR + tF) (switching losses), with IAC∼ ION measured from Figure 9;
power losses per cycle in the full-bridge rectifier yielded Pdiode ∼ 0.25 W, while those in
the MJE13005G device yielded PD ∼ 0.05 W and PSW ∼ 0.1 W. From Figures 8 and 9, the
equivalent average resistor ( RH = VI

IAC
∼ 438.54 Ω) for the induction coil was estimated;

then, average power losses were defined as PH = 0.5I2
ACRH f SWτ, and the time constant

was determined to be τ = LH
RH

∼ 1.35 µs, yielding PH ∼ 1.5 W, which is comparable to that
of the primary inductance in the transformer. Total power losses, Pdiode + PD + PSW + PH ,
were lower than those estimated using POUT , which specifies that the energy transfer
toward the induction coil using the blocking circuit is somewhat limited.

The benefits of the proposed converter based on the blocking state in a bipolar tran-
sistor are the absence of a driver and easy adjustment of local temperatures (using only
an external variable resistor) in a magnetic heating medium. Thus, the magnetic hystere-
sis phenomenon, as the dominant heating principle, proves that the prototype analyzed
here is a suitable alternative for a medical treatment device where in vivo clinical trials
perform heating for less than 10 min [4]. Furthermore, it is possible to diminish the power
losses (switching times) at rated conditions with Al-GaN/GaN-based NPN power transis-
tors by enhancing physical parameters, such as the breakdown field and current density,
while reducing the specific ON resistance to operate over a wide input and output voltage
range [19,20].

4. Conclusions
In this study, physics-based analytical models and operational characteristics were

introduced for the conversion of magnetizing energy into heat using the blocking state
in a NPN Silicon Power Bipolar Transistor. In spite of using only one power switch for
low-power applications, the proposed blocking circuit can preserve the advantages of
converting likewise to the conventional half-bridge series resonant circuits; however, due
to the change in efficiency, limited voltage margin for heating times higher than 5 min,
and the latent increase in power losses, it is recommend using a NPN Silicon Power
Bipolar Transistor in the TO-247 package with VSW ∼ 1000 V and IC ∼ 5000 mA for more
reliable operation.

The operation principle, theoretic analysis, and experimental evaluation were taken
from a laboratory prototype. According to the theoretic analysis, it was shown that the
blocking state in a bipolar transistor can be used for the heating of low-grade ferrous
composites via magnetic induction. The novel advantages of the proposed circuit over heat
energy conversion are as follows: the temperature in the heated target can be adjusted in the
absence of an extra driver circuit. Additionally, commercial NPN Silicon Power Transistors
available for educational practice can be used, and further research can be conducted using
Al-GaN/GaN-based heterojunction bipolar transistors (HBTs).
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