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Abstract: Parts of certain objects need hardening. Hardening is a heat treatment process which can be achieved by
induction heating. Certain objects like gears require alternating source with two different frequencies. Simultaneous
application of dual frequencies is desirable for proper hardening of a gear. This study proposes a three-leg inverter
topology with a load resonant circuit which can provide independent and simultaneous control of low-frequency (LF)
and high-frequency (HF) currents through the load coil. The load circuit is a combination of two series resonant circuits
which operates at the desired LF and HF. Power control is achieved with phase modulation and asymmetric duty cycle
control techniques. A 240 W prototype of the proposed dual-frequency inverter is implemented and tested.
Experimental results obtained are in good agreement with the simulation results.
1 Introduction

Induction heating is a heat treatment process which is extensively
used in domestic and industrial applications. A current carrying
coil surrounding the work piece induces eddy currents in it, which
produces heat. Depth of penetration of induced currents on the
surface of the work piece is expressed as δ =√(ρ/πμf). μ and ρ are
the magnetic permeability and electrical resistivity of the work
piece, respectively. Heat from the surface of the work piece gets
transferred to the remaining part by conduction. Induction heating
has several advantages like cleanliness, controllability,
repeatability and high efficiency [1]. Efforts have been made to
improve the power converter efficiency [2–5].

Induction heating finds applications in domestic cooking and
industrial heating processes like melting, annealing, welding and
surface hardening and so on. Multiple induction heating coil
systems are used to achieve uniform or desired temperature
distribution profile in the load. Power control is achieved with
phase angle control [6, 7]. Multi-phase system modelling and
current control for metal disc induction heating is proposed in [8].
Variable frequency duty cycle control and high-frequency (HF)
pulse density modulation control are used in the multi-inverter
system for multiple induction heaters [9]. Same multi-inverter
configuration is operated with the discontinuous mode control for
improvement under light-load operation [10]. The inductor coil
and load system can be modelled using electro-magnetic field
analysis softwares. Frequency-dependent modelling of induction
heating systems is presented in [11]. Also, modelling of litz wire
used in induction heating coils is presented in [12].

In surface hardening process, the surface temperature of the object
is raised to its normalising value and then cooled rapidly with an
appropriate fluid. It produces hard and wear resistant surface while
keeping the inner part relatively soft. Certain mechanical parts
such as gears, sprockets, springs and shafts are surface hardened.
Unlike the conventional methods such as carburising, nitriding,
flame hardening and hard chromium plating, induction surface
hardening provides many advantages such as shorter heating time,
minimum surface decarburising, oxidation and so on.

For surface hardening of uniform surfaced work pieces such as
metal slabs and cylindrical objects, single-frequency source is
sufficient [13, 14]. However, for complex surfaced work pieces
such as gears and sprockets, single-frequency source is not
sufficient. In case of surface hardening of gears, two-frequency or
dual-frequency source is required. These two-frequency
components are named as low frequency (LF) and HF. If LF alone
is used, it results in good fatigue strength at the root of the work
piece and abrasion resistance at the tip [15]. It also results in
through hardening of the tooth and affects the ductility of the core.
Use of only HF current hardens the tooth face. The root cannot be
hardened without through hardening of the tooth. Simultaneous
application of these two-frequency currents alleviates these
difficulties. Typical ranges for the LF and HF are 10–30 and 100–
400 kHz, respectively [16]. Spin hardening or tooth-by-tooth
hardening method is used in gears based on the size, tooth
geometry and the required hardening pattern [17].

Attempts have been made to build circuits that can produce
dual-frequency currents in the load coil for gear hardening. A
circuit with two resonant capacitors is proposed in [18, 19]. This
circuit has a one-way short-circuit switch across one of the
resonant capacitors. The on-time of switch is controlled to vary the
capacitance value. This helps in changing the resonant frequency.
This method offers low harmonic content in the output current and
provides an indirect power control. This method has the
disadvantage of low output frequency range. In [20], the above
circuit is built using power metal–oxide–semiconductor field-effect
transistors (MOSFETs) instead of insulated-gate bipolar transistors
to increase the operating frequency range to 100 kHz or more. In
[21], one more circuit with a two-way short-circuit switch across
the resonant capacitor is proposed. This circuit provides HF of
about ten times the LF. It gives HF range. However, the output
current has harmonics. This problem is reduced by varying the
shorting time of the resonant capacitor. In [22], this is further
extended by adding a polarity providing circuit. This has more
number of switching devices. It offers control of fundamental and
third-order currents by variation of shorting time of the resonant
capacitor.

In [23, 24], pulse-width modulation (PWM) inverters are reported
for dual-frequency source. Single inverter is used for dual-frequency
output. HF wave is modulated by medium frequency wave to
produce dual-frequency output. Output control is achieved by
variation of amplitude of the medium frequency wave and
frequency of HF wave.

In [25, 26], multi-level inverters are proposed for dual-frequency
output. Two-cell multi-level inverter is proposed and analysed with
both equal and unequal sources. In this technique, control of output
power is more involved.
1571
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In [27], a two inverter configuration has been proposed for
dual-frequency output. The outputs of the LF and HF inverters are
added and applied to the proposed load resonant circuit. Power
control is achieved with phase modulation of LF and HF inverters.
This configuration provides dual frequencies simultaneously and
independent control of these frequency components is also
possible. This configuration is suitable for high-power
applications. However, two inverters are involved in the
configuration.

Among the limited number of inverter topologies available for
dual-frequency induction hardening application, as described
above, some of the researchers have attempted to generate the
desired dual-frequency outputs alternatively [18–21]. These
inverters cannot supply dual-frequency currents simultaneously.
The other few circuits that can supply dual-frequency currents
simultaneously are also having some limitations. The circuit
proposed in [22] has more number of switching devices, which
leads to more cost and losses. With the single PWM inverter
circuit proposed in [23, 24], during the control of the HF
component of output power, output frequency itself may change in
a certain range. Multi-level inverter configuration proposed in [25,
26] has more involved control. Two inverters are required in the
configurations proposed in [25–27]. This increases cost and
complexity.

A three-leg inverter configuration for dual-frequency induction
hardening is proposed in this paper. It supplies LF and HF
currents simultaneously to the load coil. It is shown in Fig. 1a. L1
is inductance of the load coil around the gear. R1 and R2 are LF
and HF equivalent resistances, respectively. L2, C1 and C2 are the
additional elements used in the load resonant circuit. In the
proposed inverter three legs are present. First two legs are
switched at LF with phase modulation control. Third leg switches
at HF with a asymmetric duty cycle control [28]. The output
voltages vo1 and vo2 corresponding to LF and HF, respectively, are
applied to the load resonant circuit as shown in Fig. 1a. The load
resonant circuit is a combination of two series resonant circuits. It
has two resonant frequencies. Low and high switching frequencies
used are 30 and 350 kHz, respectively.
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2 Proposed three-leg dual-frequency inverter

In [23, 24], the output resonant circuit has load coil inductance in
series with a single resistance. In the gear, current paths for LF
and HF are different. The corresponding resistances for these
frequencies will also be different. Hence, they have to be
represented separately. The output resonant circuit of [23, 24] is
suitably modified and proposed in this paper. This load resonant
circuit is shown in Fig. 1b.

Fig. 1a shows the schematic diagram of the proposed three-leg
dual-frequency inverter. First two legs form one full bridge
inverter operating at LF. Power control in this inverter is achieved
through phase modulation control. First and third legs form
another full bridge inverter. The third leg is switched at HF with
asymmetric duty cycle control, whereas first leg remains switched
at LF only. vo1 and vo2 are LF and HF output voltages of the
three-leg inverter, respectively. vo1 is obtained from first and
second legs. vo2 is obtained from first and third legs. These
voltages are applied to the load resonant circuit as shown in
Fig. 1a. The load resonant circuit includes the load coil of
inductance L1, resonant capacitors C1, C2 and an additional
resonant inductor L2 (not part of the load coil). R1 and R2 are the
equivalent resistances referred to the load coil for HF and LF
current paths of work piece, respectively. The load coil inductance
L1 is connected to first leg, which is common for both output
voltages vo1 and vo2. VDC is the supply voltage. io is the inverter
output current, which flows through the load coil. ilf and ihf are the
LF and HF components of the load current io.

Thus output voltages vo1 and vo2 can be at any one of the three
levels, +VDC, 0 or −VDC depending on the switching state of the
devices. Fig. 1c depicts these voltages along with gate pulses
(VS1

to VS6
) of switching devices S1–S6 and output currents at
1572
Dl =Dh = 0.5. Here, Dl and Dh are duty cycles of LF and HF
switching devices and are defined as

D1 =
tlon

(t1/2)

and

Dh =
thon
(th/2)

respectively as shown in Fig. 1c. Gating pulses of S1 and S2 are fixed
with respect to each other. Phase modulation of LF gating pulses of
second leg with respect to first leg changes duty cycle of voltage vo1.
vo2 is controlled by an asymmetric duty cycle control of HF leg. As
voltages vo1 and vo2 are controllable, the corresponding LF and HF
current components in inductor L1 are also controllable. These
currents in L1 regulate LF and HF currents in the load (gear). Thus
I2R loss in LF and HF current paths of the gear is controlled. Root
and tip regions of the gear are LF and HF current regions of the
gear, respectively. To establish the proposed technique,
experimental set up is built with discrete components of suitable
values, as listed in Table 1. Actual gear is not used.
e

3 Proposed load resonant circuit

Proposed load resonant circuit is shown in Fig. 1b. This circuit can
be considered as a combination of two series resonant circuits, one
corresponding to low switching frequency (ωl) and the other
corresponding to high switching frequency (ωh) with resonant
frequencies of ωrl and ωrh, respectively. Low and high switching
frequencies can be up to 10% higher than the corresponding
resonant frequencies. As the difference between low and high
switching frequencies is large (about ten times), the difference
between the corresponding resonant frequencies is also of the
same magnitude. Hence, the values of reactive elements of the LF
resonant circuit are much larger than those of the HF resonant circuit.

At ω = ωl, the reactance of capacitor C1 is |XC1l
| = (1/vlC1). As

C1 is much smaller than C2, it offers considerably higher reactance to
the LF components and can be considered as an open circuit for LF
components present in the voltage vo2. The equivalent circuit as seen
by LF components is shown in Fig. 2a. Thus the LF current from vo1
flows through the elements L1, L2, C2 and R2. The impedance of this
LF current path is expressed as

Z2l = R2 + j vl(L1 + L2)−
1

vlC2

( )
(1)

Hence the values of L2 and C2 are selected such that L1 + L2 and C2

resonate at low resonant frequency (ωrl) of the circuit. At LF
resonance

vrl(L1 + L2) =
1

vrlC2
(2)

and the impedance of the LF current path at this frequency becomes
Z2rl=R2. Thus the elements L1, L2, C2 and R2 form a series resonant
circuit at LFs.

At ω = ωh, the reactance of L2 is |XL2h| = vhL2. As the value of L2
is large, its reactance is considerably high and this inductor can be
considered as an open circuit for HF components present in vo1.
The equivalent circuit as seen by the HF components in vo2 is
shown in Fig. 2b.

Thus the HF current component flows through elements L1, C1

and R1. The impedance of this HF current path is expressed as

Z1h = R1 + j vhL1 −
1

vhC1

( )
(3)
IET Power Electron., 2015, Vol. 8, Iss. 9, pp. 1571–1582
& The Institution of Engineering and Technology 2015

 C
om

m
ons L

icense



Fig. 1 Proposed inverter circuit

a Proposed three-leg dual frequency inverter with load resonant circuit
b Load resonant circuit
c Gate pulses, vo1, vo2, ilf, ihf and io at Dl =Dh = 0.5

IET Power Electron., 2015, Vol. 8, Iss. 9, pp. 1571–1582
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Table 1 Parameters of the proposed dual frequency inverter

Inductance of the load coil, L1 6.09 µH
HF resonant capacitor, C1 0.036 µF
HF equivalent resistance, R1 8.2 Ω
LF resonant inductor, L2 47.63 µH
LF resonant capacitor, C2 0.604 µF
LF equivalent resistance, R2 5.39 Ω
Low switching frequency, fl 30 kHz
High switching frequency, fh 350 kHz
Switching devices used MOSFET IRF540
Control and driver ICs used UC 3875, MC 4424 and IR 2110
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Hence L1 and C1 values are selected such that they resonate at high
resonant frequency (ωrh) of the circuit. At HF resonance

vrhL1 =
1

vrhC1
(4)

and the impedance of the HF current path at this frequency becomes
Z1rh=R1. Thus at HFs, the elements L1, C1 and R1 form a series
resonant circuit.

Hence the load resonant circuit can be considered as a
combination of LF and HF series resonant circuits as shown in
Fig. 1b. When voltages vo1 and vo2 are applied to this proposed
load resonant circuit, both LF and HF currents flow through the
load coil L1.

The admittance characteristics of LF and HF paths of the load
resonant circuit are shown in Figs. 2c and d, respectively. These
admittance characteristics justify the description given above for
the load resonant circuit when operated under dual-frequency
supply. The quality factors of LF and HF resonant circuits are
Fig. 2 LF and HF load equivalent circuits and its characteristics

a Equivalent circuit for LF component
b Equivalent circuit for HF component
c Admittance characteristic of LF path
d Admittance characteristic of HF path

1574
expressed as

Ql =
1

R2

�����������
(L1 + L2)

C2

√
(5)

Qh =
1

R1

���
L1
C1

√
(6)

The circuit parameters of Fig. 1b are shown in Table 1.
3.1 Load circuit design

In practice, for the design of the complete load resonant circuit, low
and high switching frequencies ωl and ωh may be selected based on
depth of hardening required. Low and high resonant frequencies ωrl

and ωrh are to be selected slightly below their switching frequencies.
L1 and L2 are calculated for selected values of C1, C2 and two
resonant frequencies using (4) and (2), respectively. L1 is formed
by winding the coil around the gear with suitable wire size. As
mentioned earlier, L2 is an additional inductance used. It is not
part of the load coil L1. For calculation of the power, R1 and R2

need to be measured.
In this load resonant circuit, the low and high switching

frequencies fl and fh are selected as 30 and 350 kHz, respectively.
The corresponding resonant frequencies are assumed to be 27.94
and 339.91 kHz, respectively. The LF and HF circuit resonant
capacitors C2 and C1 are selected as 0.604 and 0.036 µF,
respectively. Now, the equivalent inductance of the load coil, L1
IET Power Electron., 2015, Vol. 8, Iss. 9, pp. 1571–1582
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Fig. 3 Equivalent circuits of inverter for different modes of LF operation

a Mode 1: S1 and S4 are ON
b Mode 2: S2 and S4 are ON
c Mode 3: S2 and S3 are ON
d Mode 4: S1 and S3 are ON
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and LF resonant inductor L2 can be calculated using (4) and (2) as
6.09 and 47.63 µH, respectively.
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4 Inverter operation

As explained in the previous section, the load circuit can be
considered as two independent series resonant circuits, namely HF
and LF resonant circuits as shown in Figs. 2a and b. The inductor
L1 is the common element in these two circuits. Each of these two
circuits is operating as an RLC series resonant circuit at different
intervals of time corresponding to a particular value of vo1 or vo2.
As shown in Fig. 1c, at any instant of time, the three-leg inverter
output voltages vo1 and vo2 attain any one value among the three
levels of +VDC, 0 and −VDC. Equivalent circuits of the three-leg
inverter for different modes of operations are shown in Figs. 3 and 4.

4.1 LF operation of the inverter

The instantaneous value of LF output voltage vo1 depends on the
switching states of first and second leg devices. When S1 is ON,
vo1 can be zero or VDC depending on whether S3 or S4 is ON,
respectively. When S2 is ON, vo1 is −VDC or zero when S3 or S4
is ON, respectively. These four different modes are shown in Fig. 3.

For understanding the operation of this circuit under different
modes, the switching pulses to the devices of LF legs, LF output
voltage vo1 and LF output current ilf are shown in Fig. 1c at a duty
cycle of Dl = 0.5. As shown in Fig. 3, the circuit operation during
different modes is analysed below.
ules of use; O
A

 articles are governed by the applicable C
reative
4.1.1 Mode 1 (t1≤ t≤ t2): This mode starts when S1 and S4 are
turned on and the corresponding equivalent circuit is shown in
Fig. 3a. Let t′ = t–t1 so that during mode 1, 0≤ t′≤ (t2–t1). During
this interval vo1 = +VDC. Now, the instantaneous LF current ilf is
expressed as

L1 + L2
( ) dilf (t′)

dt′
+ 1

C2

∫
ilf (t

′) dt′ + vc2(t
′ = 0)+ R2ilf (t

′) = +VDC

(7)
IET Power Electron., 2015, Vol. 8, Iss. 9, pp. 1571–1582
& The Institution of Engineering and Technology 2015
where ilf(t′= 0)= ilf(t1) = Ilf1 and voltage across capacitor C2 at t′ = 0
is vc2(t1) = Vc21.

Solving (7)

ilf (t
′) = Itl1 e

−at′ sinvnt
′ + Ilf1 e

−at′ cosvnt
′ − an sinvnt

′( )
(8)

and

vc2(t
′) = Vc21 + (VDC

− Vc21) 1− e−at′ cosvnt
′ + an sinvnt

′( )( )
+ Vtl1 e

−at′ sinvnt
′ (9)

where

vn =
���������������������������������

1

(L1 + L2)C2
− R2

2(L1 + L2)

( )2
√

(10)

a = R2

2(L1 + L2)
(11)

an =
a

vn
(12)

Itl1 =
VDC − Vc21

vn(L1 + L2)

( )
(13)

and

Vtl1 =
Ilf1
vnC2

(14)

This mode ends at t = t2.

4.1.2 Mode 2 (t2≤ t≤ t3): This mode starts when S2 and S4 are
turned on and the corresponding equivalent circuit is shown in
Fig. 3b. Let t″ = t–t2 so that during mode 2, 0≤ t″≤ (t3–t2). During
this interval vo1 = 0.

ilf(t2) = Ilf2 and voltage across capacitor C2 at t″ = 0 is vc2(t2) =
Vc22.
1575
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Fig. 4 Switch turn-off currents of S5 at Dl = 0.9

a During positive half cycle
b During negative half cycle
c Waveforms of vo2 and ihf for Dl =Dh = 0.9
d Waveforms of vo2 and ihf for Dl =Dh = 0.5
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Now the instantaneous current is described by

ilf (t
′′) = Itl2 e

−at′′ sinvnt
′′ + Ilf2 e

−at′′ cosvnt
′′ − an sinvnt

′′( )
(15)

and

vc2(t
′′) = Vc22 − Vc22 1− e−at′′ cosvnt

′′ + an sinvnt
′′( )( )

+ Vtl2 e
−at′′ sinvnt

′′ (16)

where

Itl2 =
−Vc22

vn(L1 + L2)

( )
(17)
1576
and

Vtl2 =
Ilf2

vnC2
(18)

This mode ends at t = t3.
4.1.3 Mode 3 (t3≤ t≤ t4): This mode starts when S2 and S3 are
turned on and the corresponding equivalent circuit is shown in
Fig. 3c. Let t′″ = t–t3 so that during this mode, 0≤ t′″≤ (t4–t3).
During this interval vo1 =−VDC.

ilf(t′″= 0) = ilf(t3) = Ilf3 and voltage across capacitor C2 at t′″ = 0 is
vc2(t3) = Vc23

ilf (t
′ ′′) = Itl3 e

−at′ ′ sinvnt
′ ′ ′

+ Ilf3 e
−at′ ′ ′ cosvnt

′ ′′ − an sinvnt
′ ′′( )

(19)
IET Power Electron., 2015, Vol. 8, Iss. 9, pp. 1571–1582
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Fig. 4 Continued

IET Power Electron., 2015, Vol. 8, Iss. 9, pp. 1571–1582
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Table 2 Prototype specifications

Output power 240 W
Input voltage 35 Vdc
Low switching frequency, fl 30 kHz
High switching frequency, fh 350 kHz
LF output current, Ilf 6.3 A
HF output current, Ihf 1.8 A
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vc2(t
′′′)= Vc23 − (VDC +Vc23) 1− e−at′ ′ ′ cosvnt

′′′ +an sinvnt
′′ ′( )( )

+Vtl3 e
−at′ ′ ′ sinvnt

′′′ (20)

where

Itl3 =
−VDC − Vc23

vn(L1 + L2)

( )
(21)

and

Vtl3 =
Ilf3
vnC2

(22)

This mode ends at t = t4.
Fig. 5 Simulation results for Dl = 0.4, Dh = 0.9

a Simulation waveforms of vo1 and io
b Simulation waveforms of vo2 and io
c FFT of simulated output current io

1578

y O
4.1.4 Mode 4 (t4≤ t≤ t5): This mode starts when S1 and S3 are
turned on and the corresponding equivalent circuit is shown in
Fig. 3d. Let tiv = t–t4 so that during this mode, 0≤ tiv≤ (t5–t4).
During this interval again vo1 becomes zero.

ilf(t
iv = 0) = ilf(t4) = Ilf4 and voltage across capacitor C2 at t

iv = 0 is
vc2(t4) = Vc24.

ilf (t
iv) = I tl4 e

−ativ sinvnt
iv

+ Ilf4 e
−ativ cosvnt

iv − an sinvnt
iv( )

(23)

and

vc2(t
iv) = Vc24 − Vc24 1− e−ativ cosvnt

iv + an sinvnt
iv( )( )

+ Vtl4 e
−ativ sinvnt

iv (24)

where

Itl4 =
−Vc24

vn(L1 + L2)

( )
(25)
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Fig. 6 Experimental results for Dl = 0.4, Dh = 0.9

a Experimental waveforms of vo1 and io (vo1: 50 V/div, io: 8 A/div, t: 10 μs/div)
b Experimental waveforms of vo2 and io (vo1: 50 V/div, io: 8 A/div, t: 10 μs/div)
c FFT of experimental output current io
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Vtl4 =
Ilf4
vnC2

(26)

This mode ends at t = t5.
Thus the current through LF resonant circuit ilf(t) has been

expressed through (8), (15), (19) and (23) during different modes
of operations.

In Fig. 1c, the switching pulses used in the first two legs of the
inverter which are operating at LF are shown. These waveforms
are shown at a duty cycle of Dl = 0.5. These first and second leg
devices S1–S4 are controlled with phase shift control of switching
pulses as shown in this figure. Switching pulses to the devices in
the same leg should be always 180° shifted. Switching pulses to
the opposite devices are shifted in phase as shown in this figure.
Thus the pulse width of the resultant voltage vo1 and thereby the
magnitude of the LF current ilf are controlled through the phase
shift control of switching pulses as explained above. These
switching pulses have been derived using UC 3875 Phase Shift
Resonant Controller and the driver IC used is MC4424.
ed by the applicable C
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4.2 HF operation of the inverter

The HF output voltage vo2 is independent of switching states of
second leg devices. When S1 is ON, vo2 is zero or VDC depending
IET Power Electron., 2015, Vol. 8, Iss. 9, pp. 1571–1582
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on whether S5 or S6 is ON, respectively. Similarly, when S2 is
ON, vo2 is −VDC or zero based on whether S5 or S6 is ON,
respectively. Similar to LF operation the HF operation also has
four different modes. Equivalent circuits of inverter for these
different modes of HF operation are similar to LF equivalent
circuits shown in Fig. 3 with HF circuit components and input
voltage V02. The switching pulses to the devices of the first and
third legs of the inverter and the corresponding HF output voltage
vo2 and HF output current ihf are shown in Fig. 1c at a duty cycle
of Dh = 0.5.

During different modes of operation, the expressions for
instantaneous HF current ihf and capacitor voltages can be derived
from the loop equation in a similar way like LF current expressions.

In general, during any interval, the loop equation of HF resonant
load circuit can be written as

L1
dihf (t)

dt
+ 1

C1

∫
ihf (t) dt + vc1(t = 0)+ R1ihf (t) = vo2 (27)

With initial values of ihf = Ihfo and vc1 = Vc1o, the solution of this
equation is

ihf (t) = Ith0 e
−at sinvnt + Ihf0 e

−at cosvnt − an sinvnt
( )( )

(28)
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Fig. 7 Gain characteristics of inverter

a Gain of LF inverter (V01,rms/VDC) against phase shift angle
b Gain of HF inverter (V02,rms/VDC) against duty cycle (Dh)
c Gain of LF resonant circuit (VR2,rms/V01,rms) against normalised frequency ( fl/frl)
d Gain of HF resonant circuit (VR1,rms/V02,rms) against normalised frequency ( fh/frh)
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and

vc1(t) = Vc10 + (vo2 − Vc10) 1− e−at cosvnt + an sinvnt
( )( )

+ Vth0 e
−at sinvnt (29)

where

a = R1

2L1
(30)

vn =
������������������
1

L1C1
− R1

2L1

( )2
√

(31)

an =
a

vn
(32)

and

Vth0 =
Ihf0
vnC1

(33)

Thus during each mode, by substituting the corresponding value of
1580
vo2 and initial conditions, the HF resonant circuit current ihf(t)
expressions can be obtained using the above equations.

Thus, the instantaneous value of current through the load coil can
be expressed as

io(t) = ilf (t)+ ihf (t) (34)

Total power loss in the inverter circuit may be expressed as

PLoss = VDCIDC − I21hfR1 + I21lfR2

( )
(35)

where I1lf and I1hf are the fundamental components of the LF and HF
resonant circuit currents, respectively.

On the basis of the above analysis, ZVS conditions are analysed
and plotted in Figs. 4a and b. ZVS of third leg is determined by
waveforms vo2 and ihf. Fig. 4c shows waveforms of vo2 and ihf for
Dl =Dh = 0.9. Fig. 4d shows waveforms of vo2 and ihf for Dl =
Dh = 0.5. vo2 contains positive and negative half cycles. In each
half cycle, the certain number of pulses is present, which depend
on the duty cycle of the LF leg (leg-1). Figs. 4a and b show
switch turn-off currents of S5 for positive and negative half cycles,
respectively. These figures are shown for Dl = 0.9 of leg-1 and
different values of Dh.
IET Power Electron., 2015, Vol. 8, Iss. 9, pp. 1571–1582
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For positive half cycle, switch turn-off current of each pulse
increases with increasing duty cycle and then it reduces. Switch
turn-off currents are positive for all pulses. For pulse-1, at
minimum and maximum duty cycles, switch turn-off current is
negative. This is because of the change of polarity of pulses at the
cross over. For negative half cycle also, switch turn-off currents
increase with increasing duty cycle and then decrease. The
increase of switch turn-off current for pulse-1 with duty cycle is
more compared to other pulses. Again, this is because of the
change of polarity of pulses at the cross over. As switch turn-off
currents of S5 are positive in most of the conditions, ZVS can be
achieved. From this figure, it is also observed that for any given
Dh, switch turn-off currents are different from pulse to pulse in
both positive and negative half cycles. Hence complete ZVS may
not be possible for every pulse. A similar condition will exist for
switch S6 also.

The first leg of the inverter operates at LF and the third leg
operates at HF. The first leg switching pulses are always at 180°
phase shift. Third leg devices S5 and S6 are controlled with
asymmetric duty cycle control. When the ON period of switching
pulse to S5 is ‘thon’, the ON period of switching pulse to S6 is
(th–thon) as shown in Fig. 1c. Thus the HF pulse width of the
resultant voltage vo2 and thereby the magnitude of the HF current
ihf are controlled through the asymmetric duty cycle control of HF
Fig. 8 Graphs showing independent control and efficiencies

a ilf and ihf against LF inverter duty cycle (Dl)
b ilf and ihf against HF inverter duty cycle (Dh)
c Overall efficiency against LF duty cycle
d Overall efficiency against HF duty cycle

IET Power Electron., 2015, Vol. 8, Iss. 9, pp. 1571–1582
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switching pulses as explained above. These HF gating pulses have
been derived using UC 3875 Phase Shift Resonant Controller and
logic gates. The driver IC used is IR2110.

As shown in Figs. 2a and b, the load coil inductor is the common
element for both these LF and HF currents. Thus at any instant of
time the current through the load coil is the sum of LF and HF
currents.
u

5 Experimental and simulation results

A 240 W prototype of the proposed dual-frequency inverter has been
implemented. The low and high switching frequencies are 30 and
350 kHz, respectively. IRF540 Power MOSFETs are used as
switching devices. The input voltage VDC = 35 V. The prototype
specifications are shown in Table 2.

LF and HF output currents and corresponding output powers are
controlled by phase modulation and asymmetric duty cycle control
of the corresponding legs of the inverter, respectively. Simulation
and experimental results are shown below. Figs. 5a–c show
simulation waveforms for Dl = 0.4 and Dh = 0.9. Figs. 6a–c show
experimental waveforms for Dl = 0.4 and Dh = 0.9. In the
experimental waveforms, channel 1 corresponds to 50 V/div and
channel 2 corresponds to 8 A/div.
1581
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From the above figures, it is observed that the experimental results
obtained are in good agreement with simulation results. It is also
seen that the proposed inverter can supply dual-frequency currents
through the load coil.
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6 Output power control and overall efficiency

In the experimental setup, instead of actual gear, an equivalent
inductance L1 is used. Equivalent resistances of the load at LF and
HF, that is, R2 and R1 are obtained with discrete non-inductive
resistors.

In the proposed dual-frequency inverter, power control is achieved
through phase modulation and asymmetric duty cycle control. The
normalised LF inverter output voltage (i.e. LF inverter gain) is
plotted in Fig. 7a with varying phase shift angle of LF leg devices
at Dh = 0.9. The HF inverter gain with varying duty cycle Dh is
shown in Fig. 7b for Dl = 0.9. These characteristics show the
control over LF and HF components of output voltages. The LF
output voltage V01 is a quasi-square wave of LF. Hence at
maximum duty cycle (minimum phase shift) the maximum gain of
LF inverter (V01, rms/VDC) is 0.9. The HF output voltage V02

contains both LF and HF components. Hence the maximum gain
(V02, rms/VDC) for HF component is 0.45. The variation of LF
resonant circuit gain (VR2, rms/V01, rms) with normalised low
switching frequency ( fl/frl) is shown in Fig. 7c. Fig. 7d shows the
variation of HF resonant circuit gain (VR1, rms/V02, rms) with
normalised high switching frequency ( fh/frh). These graphs show
the frequency selection nature of the load resonant circuits.

LF and HF output powers are dependent on the corresponding
current components. The useful power that generates heat in the
gear is calculated as the power dissipation in the equivalent
resistances of the gear, that is, I21lfR2 and I21hfR1. I1lf and I1hf are
rms values of the fundamental components of LF and HF currents.

LF and HF currents with varying Dl and constant Dh are shown in
Fig. 8a. It can be observed that while LF current is varying with its
duty cycle, HF current remains almost constant. Similarly, Fig. 8b
shows LF and HF currents with varying Dh and constant Dl. It can
be observed that HF current varies with its duty cycle, whereas,
LF current remains constant. Hence independent control of LF and
HF currents is possible. This is true for any other values of Dl and
Dh. Experimental and simulation results shown in these figures are
found to be in good agreement with each other.

In order to calculate the power, current in load coil L1 is measured.
This is a combination of both LF and HF components. By
performing fast Fourier transform (FFT) analysis of this waveform,
fundamental components of low and HF rms currents are obtained.
Output powers for LF and HF are calculated as I2R losses for
discrete resistors R2 and R1, respectively. Input power is calculated
as the product of input voltage and input current. Overall
efficiency is calculated from input power and total output power.

Overall efficiency curves of the proposed inverter are shown in
Figs. 8c and d. In Fig. 8c, LF output power is varied while HF
output power is kept constant. In Fig. 8d, HF output power is
varied while LF output power is kept constant. It can be observed
that the overall efficiency remains considerably high for a wide
variation of duty cycle under both situations.
rary for rules of use; O
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7 Conclusions

Dual-frequency currents are produced in the load coil with the
proposed inverter configuration. Experimental results obtained are
in good agreement with simulation results. This inverter provides
independent control of LF and HF currents through the load coil.
Any ratio of LF and HF currents can be obtained by duty cycle
variation. FFTs of load currents show that magnitudes of
frequency components other than the desired values (30 and
350 kHz) are negligible. The design and control of the proposed
circuit are simple. Load resonant circuit parameters can be easily
1582
designed for any values of LF and HF. The proposed topology
provides high overall efficiency.
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