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Abstract: To achieve “high voltage, low current” in the induction heating power circuit, enhance
the flexibility of component selection in the circuit, and improve the quality of the inverter’s output
waveform, a new control strategy of a single-phase NPC three-level inverter with unipolar frequency-
doubling SPWM method is proposed. With the series connection of IGBTs in a single-phase NPC
three-level inverter, the voltage withstand requirement of IGBT is reduced by half. The middle
four IGBTs are controlled using unipolar frequency-doubling SPWM, while the outer four IGBTs
are turned on later and turned off earlier to address the neutral point voltage imbalance issue in
the inverter. Simulation results show that, compared with the traditional bipolar SPWM-controlled
single-phase full-bridge inverter, the DC-side input voltage of the inverter can be double, and the
current flowing through the entire circuit can be halved under the same output power using the
proposed method.

Keywords: bipolar SPWM; unipolar frequency-doubling SPWM,; single-phase NPC three-level inverter

1. Introduction

With the adjustment of the national energy structure and the development of power
electronics technology, induction heating power supplies have been widely used in many
fields due to their precise temperature control, fast heating speed, and high energy utiliza-
tion rate [1-4]. As a key part of the induction heating power supply, the circuit structure
and control strategy of the inverter circuit have always been a research focus. Li Sen
et al. proposed a bipolar SPWM as the control strategy for the induction heating power
inverter circuit [5]. Its inverter circuit has a simple topology, and the control strategy
and implementation methods are relatively mature. However, the entire circuit cannot
achieve “high voltage, low current” due to the limitations of the IGBT. Lu Hua et al. used
a tapped transformer coupling method to make the load operating frequency twice that
of the IGBT operating frequency [6], but this requires many parameters to be calculated,
and the transformer is relatively bulky. Wang Ai et al. proposed the parallel application of
IGBTs for high power, which increases the current flowing through the main circuit and
improves the circuit’s output power, but it is not conducive to component selection in the
circuit [7]. In high-power inverter power supplies, because the current flowing through
the IGBT can reach hundreds of amps, the selected IGBT capacity is relatively large. As a
result, the switching frequency of the IGBT cannot be too high during modulation [8], and
this results in more harmonics in the output waveform and poor output waveform quality.

This paper proposes a new control strategy for induction heating power supplies
by combining a single-phase NPC three-level inverter circuit with unipolar frequency-
doubling SPWM. The use of the single-phase NPC three-level inverter circuit reduces
the voltage withstand requirement of the IGBT, increases the DC-side input voltage, and
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achieves “high voltage, low current”. The middle four IGBTs are controlled using unipolar
frequency-doubling SPWM, and the outer four IGBTs are turned on later and turned off
earlier, which not only reduces the harmonic content of the inverter output waveform but
also avoids the neutral point voltage imbalance issue brought by the single-phase NPC
three-level inverter, making the single-phase NPC three-level inverter circuit suitable for
the generation of low-frequency sinusoidal wave inversion.

2. Technical Specifications

According to the actual project requirements, the technical parameters of the new
inverter circuit are shown in Table 1.

Table 1. Circuit Technical Parameters.

Design Objective Values Unit
Busbar Voltage (U;) 1000 \Y
Rated Power (Py4x) 100 kW

Working Frequency (f,) 50 Hz
Carrier Frequency (fs) 6000 Hz
Inversion Efficiency (1) 95% -

The inductance of the custom-made induction heating coil in the project was measured
as 1.4 mH, and the resistance R was 0.1 () using an LCR meter.

3. New Inverter Control Strategy
3.1. Circuit Structure

The topology of the single-phase NPC three-level inverter circuit is shown in Figure 1.
It mainly consists of a DC power supply (E), two DC-side large capacitors with the same
parameters (C1, C2), two bridge arms (a, b), a compensation inductor (Ls), a compensation
capacitor (C), and an induction heating coil (R, L;). Each bridge arm consists of four IGBT
switches and two clamping diodes, with point O as the neutral point voltage reference.
Due to the series connection of IGBTs, the maximum voltage of each IGBT withstands
E/2. When using IGBTs of the same specifications and outputting the same power in the
inverter, the DC-side input voltage of the single-phase NPC three-level inverter circuit can
be twice that of the single-phase full-bridge inverter circuit, reducing the current flowing
through the entire circuit by half, achieving “high voltage, low current” in the entire circuit,
increasing the flexibility of component selection in the circuit, and reducing the loss of
useless power in the circuit.

3.2. Unipolar Frequency-Doubling SPWM Modulation Principle

Unipolar frequency-doubling SPWM controls the two-phase bridge arms separately.
Figure 2 shows the modulation principle of unipolar frequency-doubling SPWM, and
Figure 3 shows the single-phase full-bridge inverter topology. The sine wave is compared
with the triangular carrier wave in the A-phase bridge arm. When the sine wave is greater
than the triangular wave, VT1 is turned on; otherwise, VT4 is turned on. The B-phase
bridge arm compares the inverse sine wave with the same triangular carrier wave. When
the inverse sine wave is greater than the triangular wave, VT2 is turned on; otherwise, VI3
is turned on [9]. As shown in Figure 2, in one carrier cycle, each IGBT in the single-phase
full-bridge inverter (Figure 3) switches once but the output voltage level changes twice,
meaning that the output voltage frequency is twice the carrier frequency. The switching
frequency of the IGBT modulated by unipolar frequency-doubling SPWM is only half that of
other modulation methods but can output voltage square waves of the same frequency [10].
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Figure 2. Schematic diagram of unipolar frequency-doubling SPWM modulation.

Figure 1. Topology of single-phase NPC three-level inverter.

Figure 3. Single-phase full-bridge inverter.
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The higher the IGBT switching frequency, the higher the heat generated during its
on—off operations and the higher the IGBT loss [11]. As described in [12], the relationship
between switching loss and switching frequency is given as follows:

Ps:st(Pon+Poff) (1)

where P; represents the IGBT switching loss; f; is the IGBT switching frequency; P,y is the
IGBT turn-on loss; and P is the IGBT turn-off loss.

1 .
Pgn - 7f0tan Mldi'
tOn

T otorr . 2)
POff = @fo /f Mldt

where u represents the instantaneous value of the collector-emitter voltage; i represents
the instantaneous value of the collector current; ¢,, represents the duration of the turn-on
process; and f, represents the duration of the turn-off process.

From Equations (1) and (2), compared with the traditional bipolar SPWM-controlled
full-bridge inverter under the same conditions of power loss and output power, the new
control strategy combining unipolar frequency-doubling SPWM of the single-phase NPC
three-level inverter doubles the switching frequency and enhances the output voltage
frequency fourfold. According to the literature [13], the harmonic distribution of the
inverter’s output voltage is concentrated around integer multiples of the carrier frequency.
Increasing the carrier frequency shifts the harmonic distribution to higher frequency bands,
simplifies the filtering part and improves the quality of the inverter output waveform.
According to the area equivalence principle and integration principle, the higher the output
voltage frequency, the more PWM square waves, and the better the quality of the output
sine wave [14].

3.3. Circuit Operating Principle

The working waveforms of unipolar frequency-doubling SPWM are shown in Figure 4a.
In the figure, us1 and us; are a pair of inverse sine modulation waves, and V. is the triangular
carrier wave. U1 and ug, are compared to V,, respectively, and generate two independent
PWM pulses pwmA and pwmB. When u; is greater than V., the pulse signal pwmaA is
at a high level; otherwise, it is at a low level. When uy) is greater than V,, the pulse signal
pwmB is at a high level; otherwise, it is at a low level. The falling edges of the two pulse
signals pwmA and pwmB are delayed by 2us to obtain the signals pwmA1 and pwmBl1.
The rising edges of the two pulse signals pwmA and pwmB are delayed by 2 us to obtain
the signals pwmA2 and pwmB2. Figure 4b shows the circuit diagram of the pulse signals
driving the switching transistors.

The logical relationship between the eight switching transistors shown in Figure 4b
and the four pulse signals pwmA1l, pwmB1, pwmA2, pwmB2.

Sa2 = pwmAl,S,;3 = pwmAl
Sp2 = pwmBl1, Sp3 = pwmbB1
Si1 = pwmA2,S,4 = pwmA2
Sp1 = pwmB2, Sp4 = pwmB2

)

Compared with traditional methods, such as the SPWM control method [15], specific
harmonic elimination method [16], and the space vector control method [17-19], the unipo-
lar frequency-doubling SPWM method solves the problem of increased power loss in the
generation of low-frequency sine waves and is easy to implement. In traditional methods,
the neutral point voltage imbalance is caused by the inverter’s output voltage being half
the bus voltage for a long time, which leads to the neutral point voltage imbalance in the
DC-side capacitors [20]. In the new control method, to ensure that the middle four IGBTs
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in the single-phase NPC three-level inverter turn on earlier than the outer four IGBTs, the
inverter output voltage contains an E/2 level, and the time of existence of the E/2 level
is particularly short, only 2 us in this paper. Therefore, there will be no energy loss and
replenishment in the capacitors and the neutral point voltage remains stable. This solves
the problem of neutral point voltage imbalance in the inverter, making the inverter circuit
suitable for low-frequency sinusoidal wave inversion generation.

|4
AT L W s [y
S () i eSS A
| H Y yd H D NAVE 72N
| Nl 1 )|/ I II] s _
o [\ i N\ AT
AV Y
Al NV R
| Il I | I L |
pwmA |_| |_| :
T 1 : -
| 1 | | i i !
pwmB : ] :: [ :: | 1 | :
| 1 | . D L !
' H bt ' — — - -
11 | | |
Eiin min I
>
| I ol [ [ L |
L LT
. =+ —t . — — -
pwmA2 : | ! :n :l_' |
! ' | | | I .
pwmB2 | ! I ' L L |
|| _
(@)
U, —yp —»(Rise time delay 2ps S,
= Not Su
V. —»  |Fall time delay 2us 5
Not[» S.;
U, — —)Rise’cimedelayZHs_|:>Sb1
= No->s.
Vc —> >

Fall time delay 2us Sy,

(b)
Figure 4. (a) Unipolar frequency-doubling SPWM operation schematic. (b) Diagram of gate drive signals.

3.4. Circuit Parameter Design

Since the time of existence of the E/2 level is very short, the operating state of the
inverter circuit with an output voltage of E/2 is ignored. The overall circuit operating state
is similar to that of a traditional single-phase full-bridge inverter circuit. The designed
circuit parameters based on Table 1 are as follows:
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(1) Selection of voltage divider capacitors

The function of the DC-side capacitors C1 and C2 is to stabilize the DC-side voltage
and suppress DC-side current fluctuations. The calculation formula is:

(6 ~8)4
o _ 6315 ~ 8421 mF (4)

Cl1=C2= ———>"+——
Zug/(Pmax/T])

(2) Design of compensation inductor parameters

The amplitude of the fundamental voltage at the inverter output is:

V= % ~ 1273V (5)

Under the maximum output power condition of the circuit, the ratio of the inductance

Ls/L, is:
[ J A—— 6)
V2R Prax

The value of the compensation inductor L; is:
Ls = BL, = 12.6 mH (7)
(3) Design of compensation capacitor parameters
According to the resonance formula, the value of the compensation capacitor C is:

LsL,

Ly = L¢||L, =
0 s||r L+ L,

~ 1.26 mH )

11
WOZLO (Zﬂfo)zLo

= 8.041 x 10% uF ©9)

(4) Selection of clamping diodes

The effective value of the AC output current of the inverter is:

_ Pmax 4994 (10)

1 =
ab v/ \/5
The reverse voltage withstand capability of the clamping diode is half of the dc bus
voltage, i.e., 500 V. Considering a margin of 2~3 times, the rated voltage of the clamping

diode is set to 1500 V. The forward current and the inverter output current are 111 A.
Considering a margin of 2~3 times, the rated current of the clamping diode is set to 300 A.

(5) Selection of IGBTs

The DC-side input voltage of the inverter circuit is 1000 V, and the rated output current
is 111 A. Due to the series connection of two IGBTs, the voltage borne by each IGBT is
approximately 500 V. When selecting power devices, the actual circuit working conditions,
device surge voltage resistance, and overcurrent capability are usually considered with
a margin of 2~3 times. Therefore, the selected IGBT needs to meet the requirements of a
static blocking voltage of 1500 V and a current carrying capacity of 300 A.

4. Simulation Verification
4.1. Simulation Setup

The simulation of the new inverter control strategy was built based on the calculated
parameters. The bus voltage in Table 1 was reduced to 540 V, and the other technical
parameters remained unchanged. According to the parameter selection basis of the new
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inverter control strategy, the simulation parameters of the traditional control strategy were
designed and built. The two simulation circuits are shown in Figures 5 and 6.
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Figure 6. Unipolar frequency-doubling SPWM of the single-phase NPC inverter.

4.2. Simulation Comparison

)
@)

®)

@)

The output power of the inverter with the new control strategy is shown in Figure 7.
The design parameters were verified to achieve the rated output power.

The voltage difference between C1 and C2 is shown in Figure 8. As can be seen from
Figure 8, the voltage difference between the two ends of the DC capacitor of the
single-phase NPC three-level inverter is 0 and the midpoint potential voltage is stable,
making the circuit structure suitable for low frequency sine wave generation.

The output currents of the two inverter circuits are shown in Figure 9. The current in
the single-phase NPC inverter is much smaller than that in the single-phase full-bridge
inverter. Therefore, it increases the flexibility of the selection of components such as
reactors, capacitors, and conductive cables that are selected based on the current in
the single-phase NPC circuit.

The voltages across the load and IGBTs in the two inverter circuits are shown in
Figures 10 and 11. It is known that the dc bus voltage of the single-phase NPC inverter
circuit is 1000 V and the dc bus voltage of the single-phase full-bridge inverter is 540 V.
It can be seen from the figures that when the voltages across the IGBTs in the two
inverters are similar, the output voltage of the single-phase NPC inverter is nearly
twice that of the single-phase full-bridge inverter, achieving the goal “high voltage,
low current”.
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Figure 7. The output power of the inverter with new control strategy.
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Figure 9. (a). Output current of the inverter with traditional control strategy. (b). Output current of
the inverter with new control strategy.
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(5) The FFT analysis of the output voltages of the two inverters is shown in Figures 12 and 13.
The THD value of the output voltage with the new control strategy is 0.08%, while the
THD value of the output voltage with the traditional control strategy is 0.48%. There
is a reduction of 0.40% for the former compared with the latter. This verifies that the
new control strategy can improve the quality of the inverter’s output waveform.

Fundamental (50Hz) = 324.7 , THD= 0.48%

Mag (% of Fundamental)

0 100 200 300 400 500 600 700 800 900 1000
Frequency (Hz)

Figure 12. FFT analysis of the output voltage of the single-phase full-bridge inverter with bipolar
SPWM at f. = 6 kHz.
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Figure 13. FFT analysis of output voltage of the single-phase NPC inverter with unipolar frequency-
doubling SPWM at f. = 6 kHz.

The above simulation results show that, in low-frequency high-power induction
heating power supplies, replacing the single-phase full-bridge inverter circuit with the
single-phase NPC three-level inverter circuit reduces the voltage withstand requirement of
the IGBT in the entire inverter circuit, increases the DC-side input voltage, facilitates the
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achievement of “high voltage, low current” in the entire circuit, and is more favorable for
component selection in the circuit. Using unipolar frequency-doubling SPWM to control the
single-phase NPC three-level inverter circuit can solve the problem of neutral point voltage
imbalance in the single-phase NPC three-level inverter circuit, making the single-phase
NPC three-level inverter circuit structure applicable to low-frequency sinusoidal wave
inversion generation.

5. Conclusions

This paper proposes a new control strategy for induction heating power supplies
that combines a single-phase NPC three-level inverter with unipolar frequency-doubling
SPWM. It effectively realizes the circuit characteristics of “high voltage, low current”.
Through series voltage division and precise timing control of IGBTs, the voltage withstand
requirement of the IGBT is reduced. Furthermore, the DC bus voltage is increased and
the neutral point voltage imbalance problem is solved. Simulation results show that,
compared with the traditional bipolar SPWM control, the proposed strategy increases the
DC bus voltage and reduces the current stress under the same output power, significantly
improving the system’s efficiency and waveform quality. This research provides new ideas
for the optimized design of induction heating power supplies.
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