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1. Introduction

Three-phase DC/AC inverter systems for electronic equipment are currently in high demand, finding
applications in various fields including motor speed control [1], [2], fast charging systems [3], [4], and
PV solar battery systems [5]. Among these systems, 3-phase 2-level voltage source inverters are widely
utilized due to their advantages such as a simple configuration, low cost, and compact size.

The 3-phase 2-level voltage source inverter usually uses the Sine Pulse Width Modulation (sine-
PWM) technique [6]. In this technique, the switches are controlled to turn on and off based on the sine-
shaped control signal for all three phases. The advantage of the sine-PWM technique is simple and easy
to use. However, it also has a drawback: the modulation index (M) is limited to M < 1. Additionally,
each phase branch of the inverter produces switching losses on the switches within each carrier period.
Therefore, when the circuit operates at a high switching frequency, the semiconductor loss in the circuit
is very large, leading to a reduction in the conversion efficiency of inverter. To address these switching
losses, a discontinuous PWM (DPWM) technique has been proposed [7], [8]. In this technique, the
control voltage of the semiconductor switch is obtained by subtracting the minimum phase voltage from
each phase voltage. As a result, the phase with the lowest instantaneous voltage remains connected to
the negative point of the DC-link voltage. Therefore, there is no switching loss on the switches of this
phase branch. The DPWM technique reduces switching losses by 33% when compared to the sine-PWM
technique. In addition to reducing the switching loss, the DPWM technique also allows for an increase
in the modulation index (M) of up to approximately 1.15.

Although the DPWM technique offers several advantages, such as an improved modulation index
and reduced switching losses for the traditional two-level inverter configuration, it also has some
drawbacks, which are presented as follows. Firstly, both the sine-PWM and DPWM techniques maintain
a DC-link voltage equal to the input DC voltage of the inverter. However, the DC-link voltage is
typically much higher than the output AC voltage. Consequently, despite the implementation of DPWM,
the switching losses of semiconductor devices remain relatively high due to the high DC-link voltage.
Secondly, on the phase branch operating with the highest instantaneous output voltage, switching losses
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still occur within each carrier period. This is also one of the causes leading to the increase in switching
losses.

In recent years, with the development of semiconductor technologies, such as silicon carbide (SiC)
and Gallium Nitride (GaN), has led to the development of semiconductor switches that offer high-
frequency operation and reduced switching losses compared to traditional silicon-based devices [9].
Inverter circuits constructed with SiC or GaN semiconductor devices exhibit improved efficiency and
power density. However, the cost associated with these components is considerably higher than that of
traditional ones. As a result, hybrid inverters have been proposed to combine the benefits of low-loss
SiC/GaN devices with the cost-effectiveness of Si devices [9]-[11]. Nevertheless, these hybrid inverters
use quite a lot of Si and SiC components, resulting in limited improvements in factors such as circuit
cost and size.

This paper introduces a new inverter circuit that combines the buck DC-DC converter with the
traditional 3-phase 2-level inverter to address switching losses on the inverter side. The DC-DC circuit
utilizes SiC components, while the DC-AC circuit is built using Si-IGBTSs. In this inverter circuit, the
DC-link voltage on the inverter side is controlled to be equal to the output AC voltage, thereby reducing
the switching voltage of the inverter semiconductor switches (Si-IGBT). In addition, the phase operating
with the maximum and minimum instantaneous voltages experiences no switching on the switches. As
a result, the total number of reverse switching instances can be reduced by approximately 2/3 compared
to the sine-PWM technique [6] and about 1/2 compared to the DPWM technique [7], [8]. The following
sections of the paper will provide detailed information on the proposed inverter configuration, control
technique, power loss analysis, and comparative results. The structure of the paper consists of four parts:
Part Il - the proposed circuit configuration, Part 1ll - parameters for component selection, Part IV -
simulation, experimental, and comparative results, and Section V - the conclusion of the paper.

2. The proposed circuit configuration
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Figure 1. Configuration of a 3-phase 2-level buck inverter

As shown in Fig. 1, the proposed configuration includes a buck DC-DC converter and a 3-phase 2-
level inverter. The buck DC-DC converter consists of a positive semiconductor switches Sg inductor Lo,
capacitor Co, and diode Do. The 3-phase 2-level inverter consists of three branches, each branch has two
switches, Six and Szx. The output pole voltage of Vxn (X is A, B, C) has two voltage levels: Vey and 0-V.
When the switch Six is closed, the output pole voltage is +Ven. The output pole voltage reaches 0-V
when the switch Syx is closed. The operation of the proposed inverter circuit is analyzed based on the
operation of the DC-DC circuit and the DC-AC circuit as follows.
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Figure 2. Operating principle of the buck DC-DC converter. (a) state 1, (b) state 2

JTE, Volume 19, Special Issue 02, 2024 2


mailto:jte@hcmute.edu.vn

JTE JOURNAL OF TECHNICAL EDUCATION SCIENCE
Ho Chi Minh City University of Technology and Education

HCMIUTE Website: https:/jte.edu.vn
ISSN: 2615-9740 Email: jte@hcmute.edu.vn

[V1 4

ds1a(t) /%'Q(t) "ot

= O

0.5

Figure 3. Proposed DPWM technique
2.1. Operation principle of DC-DC stage

The buck DC-DC converter circuit has two operating states, as shown in Figures 2(a) and 2(b). In
state 1, the switch Sq is closed, diode Do has reverse bias, and the DC power supplies energy to the inductor
Lo. The voltage across the inductor Lo and the current through the capacitor Co are presented as:

di
VLO = Lo d_lf[o =Vdc _Vco
dv (D
o :CO&: Io—lon
dt

In which: Vg, Vio, and Vo are the input voltage, the voltage of inductor Lo and the voltage of capacitor
Co, respectively.

In state 2, the switch Sg is interrupt enabled. Diode Do is forward biased, and capacitor Co load energy
from the input DC power supply to inductor Lo. The voltage across the inductor Lo and the current through
the capacitor Co are represented as:

di
V,=L,—
LO LO dt

dv
|CO=COd—tC= ILO_IPN

=V,
(2)

Assume that in each switching period Ts =1/fs, the switch SO is activated with a duty cycle d(t). It can
be seen that the action times of mode 1 and mode 2 are d(t)Ts and [1-d(t)] Ts, respectively. Similar to the
traditional buck DC-DC circuit [12], the voltage across the capacitor Co can be represented as follows:

Vco (t) :Vdc d (t) 3)

2.2. Operation principle of DC-AC stage
The first harmonic of the output phase voltage Vxg,1 is defined as follows:
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Vie1(t) =M <V, sin(at) /3
Vo1 (1) = M xV, sin(at —27/3) /3 @
Voo (t) = M xV, sin(at +277/3) [/3

Where w = 2xf is the angular frequency and f is the frequency of the output voltage.
To generate the output phase voltage as shown in (4), the pole voltage Vxn,1 shown in Figure 3(b), is
defined as follows:
VAN 1 (t) :VAG,l +Vof'f
VBN,l (t) :VBG,l + Vo Q)
VCN,l (t) :VCG,l +V0ff
The voltage Vo is defined as:

Vo =— min(\/AG,livBG,PVCG,l) (©)

In order to reduce the switching loss of the semiconductor switches on the inverter side, the DC-link
voltage is controlled to equal the maximum value of Vxy 1, as shown in Figure 3(b). Based on (3) and (5),
the duty cycle of the switch S is calculated as follows:

d(t)= max(V ,l\’/VBN 1 Von) o
dc

At this time, the DC-link voltage is cyclic with a period T/6, where T is the load voltage period. During
[n/2 - 57/6], the voltage on capacitor Co is equal to the pole voltage at phase A. Therefore, the switch Sia
is controlled by duty cycle 1. The remaining semiconductor switches for phases B and C (S1s and Sic) are
controlled at the ratio of Vxn1t0 Vco. In short, the duty cycles of Sia, Sig, and Sic switches are calculated
as follows:

\Y,
dSlA (t) _ AN,1
maX(VAN 1 1VBN 1 ’VCN ,1)
V
d (t) _ BN,1 (8)
s18 maX(VAN ,l’VBN ,11V0N ,1)
V
dg,c () = "
maX(VAN 1 1VBN 1 ’VCN ,l)

It can be seen that for each 1/6 of the load voltage period, the phase with the maximum and minimum
pole voltage has no switching on the semiconductor switches. The other phase operates with a switching
frequency equal to the switching frequency of the inverter side. It can be concluded that the number of
reverse switching times is reduced by about 2/3 compared to the traditional sine-PWM technique [6] and
by 1/2 compared with the DPWM scheme proposed in [7] , [8].

3. Component Selections
3.1. Inductor and Capacitor Selections
The output load current Ix in one period T is defined as follows:
I,(t)=1,sin(wt)
I5(@t)=1,sin(ot—27/3) 9)
I.t)=1,sin(awt+27/3)
where I, is the peak value of the output load current.
Based on (2), (3) and (7), the current ripple Alo of inductor Lo is calculated as follows:
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V, dt)[1-d(t
AILO(t)z dc ( )[ ( )] XTS (10)
L,
In the time range of [w/2 - 57/6], duty cycle is calculated as follows:
Vg () =V, (t

d(t):—AG’l()V CG'l()z—M x cos(at + 7 1 3) (11)

dc

From (9) and (10), the current ripple value Al of the inductor Lo reaches its maximum value at wt =
27/3. Therefore, the maximum value of the current ripple through the inductor Al omax i calculated as:

V. xM(@1-M) AT,
L,
During [n/2 - 5n/6], based on (1), (2) and (8), the average current through the inductor I in
any switching period Ts is calculated as follows:

I_LO,Ts (t) = I_PN Ts (t) =1 A(t)[l_ dSlB (t)] - Ic (t)dsua (t) (1 3)

In the range of [n/2 - 57/6], we have the maximum value of Van,1and the minimum value of Ve 1.
based on (5), (6) and (8) determine as:

Al g e (1) = (12)

Vas1—Vees _ cos(at) (14)
Vae1 Vo1 COS(at+7/3)

Based on (9), (13) and (14), the average value of current through the inductor Lo calculated in any
switching period reaches the maximum value at wt = n/2, calculated as follows:

dSlB (t) =

ILO,Ts,max = Im (15)
The inductor Lo is selected in term of Aliomax < KL% T, o1, i » Where kL% is maximum acceptable
inductor current ripple.
Vo (1-M)x M xT,|
2| dc S 16
| kL()/()Im | ( )
Based on (1) and (2), the voltage ripple of capacitor Co in one switching period is expressed as:
Vaed OR-d®)] >
AV, (t) = =2 22T

Replace (11) with (17), and the maximum voltage ripple value AVcomax Of the capacitor Co can be
calculated as follows:

VdCM (1_ M) XT2
8LC,  °

From (3), the maximum value of the voltage across the capacitor Vco,max Can be calculated as follows:

AV, =

CO0,max

(18)

VCO,max = M ><Vdc (19)

The capacitor Cy is selected in term of AVcomax < Kc% Veomax, Where kc% is maximum acceptable
capacitor voltage ripple.

0 = (L=M) xT?
k. %08L,

(20)

3.2. Semiconductor device stress

The voltage stresses of the switch Sp and diode Do are the input voltage. The maximum current through
the switch So and diode Dy is the maximum current through the inductor Lo determined at (15).
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VSO,rating = VDO,rating = Vdc
I I |

The voltage stresses of the switches Six and Syx are equal to the voltage across the capacitor Co. The
maximum current through the switches is equal to the maximum current of the load lipadmax.

Vij,rating :VCO,max = M ><Vdc
I Iload,max = Im
where j=1+3and X =A, B, C.

4. Simulation and Experimental Results

_ @

S0,rating = DO, rating = LO,max — "m

(22)

Sjx, rating =

4.1. Simulation Results

The proposed circuit is simulated using PSIM and PLECS software. The simulation parameters are
presented in Table 1. The input DC voltage is 400-V. To achieve an output voltage of 110-Vrwms, the
modulation index M on the inverter side is calculated to be 0.68 for both configurations. The simulation
results for the proposed configuration are shown in Figures 4 and 5.

Table 1. Simulation and experiment parameters

Unit for simulation and experimentation

Parameter/Components
Proposed configuration Traditional configuration
Input voltage Ve 400 V 400 V
Output phase voltage VoRrwms 110 Vrus 110 Vrus
Output frequency fo 50 Hz 50 Hz
DC - DC Buck converter
IMZ120R060M1H
MOSFET So
1200 V — 60 mQ
. UJ3D1250K2
Diode Do
1200V - 1.5V
Unavailable
Inductor Lo 1.5mH, r. = 66 mQ
Capacitor Co 10 pF, resr = 7.64 mQ
The switching
frequency of Sg fso 10kHz
3-phase 2-level inverter
Modulation ratio M 0.68 0.68
IGBT Sxa, Sxs, Sxc FGL40N150D 1500V - 3.5V FGL40N150D 1500V - 3.5V
Switching frequency fs 20 kHz 20 kHz
Filter circuit Crva Ls 10 uF and 3 mH 10 yF and 3 mH
Resistor R 40 Q 40 Q
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Figure 4. Simulation results inductor current Lo (ILo), voltage on switch So (Vso) and voltage on diode Do (Vo).

As shown in figure 4, the current ripple Al is approximately 6-A and the average measured current
is 3.3-A. The voltage across the switches So and diode Dy is the input voltage of 400-V.
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Figure 5. Simulation results for the proposed configuration. From top to bottom are respectively the phase
voltages on the resistive load (Vra, Vre, Vre), the voltage on the capacitor Co (Ven), the line-to-line voltage Vg,
the voltage across the switches Sia, Soa (Vsia,Vs2a).
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The simulation results of the proposed configuration and the traditional configuration are shown in
Figures 5 and 6, respectively. As shown in Figure 5, the output load voltages Vra, Vre, Vre are sinusoidal
waveforms with the help of the three-phase low-pass filter (3-mH and 10-pF) as listed in Table 1. The
RMS values of output load voltages are measured as 110-Vrws. The voltage across the capacitor Vo =
Ven has a peak value of 279-V and is cyclic with a period of 1/6 of the load voltage period. The output
line-to-line voltage Vag has 3 voltage levels, £ Vpn, and 0-V. The voltage stresses on the switches Sia,
Soa are equal to Ven = 279-V.

In Figure 6, the RMS values of the output load voltages Vra, Vrs, Vrc are 110-Vrus. The output line-
to-line voltage Vag fluctuates between +400-V and 0-V. The voltage stresses on the switches Sia, Sza
have a value of 400-V.

From Figures 5 and 6, when comparing the proposed configuration and the 3-phase 2-level inverter
configuration with the traditional DPWM technique, the output voltage on the load is 110-Vgrwms, the
THD values of the output voltage of the proposed and traditional configurations are 1.7% and 1.76%,
respectively. Observing the voltages on the switches Sia and Sza in both configurations, we see that the
number of switching times in the proposed configuration is less than that of the traditional configuration,
thereby reducing the switching loss on the switches Sxa, Sxs, Sxc. Details are presented below.

VRA[V] VRE [V] VRC [V]

200

100

0

-100

-200

240

-240

Vsail[Vv]

VSa2 [V]

0.04 0.I05 0.66 0.67 0.68 0.69 01
Time (s)
Figure 6. Simulation results for the traditional configuration. From top to bottom are respectively the phase
voltages on the resistive load (Vra, Vre, Vre), the line-to-line voltage Vag, the voltage across the switches Sia, Soa
(Vs1a,Vs2n).

The power losses caused to the circuit include the conduction loss of the inductor (ignoring the core loss of the
inductor), the capacitor and the losses of the semiconductor components. The Power loss simulation of the
configuration is performed using PLECS software. The simulation parameters are presented in Table 1. Figure 7
shows the simulation results of the power loss components of the proposed configuration and the traditional
configuration. The switching loss of the switch S;4 in the proposed configuration is reduced by 91.6% compared
to the traditional configuration. For the switch Syx , the switching loss of the proposed configuration is 70% of that
of the traditional configuration. In addition, the boby diode Djx of the traditional configuration has a reverse
recovery loss 14 times larger than in the proposed configuration. The total power loss of the proposed configuration
is 30.7-W and the traditional configuration is 38.2-W. Thus, the proposed configuration reduces power loss by
19.63% compared to the traditional configuration.

JTE, Volume 19, Special Issue 02, 2024 8


mailto:jte@hcmute.edu.vn

JTE JOURNAL OF TECHNICAL EDUCATION SCIENCE
Ho Chi Minh City University of Technology and Education

HCMIUTE Website: https:/jte.edu.vn
ISSN: 2615-9740 Email: jte@hcmute.edu.vn

H Conduction loss of the proposed configuration
l Switching loss of the proposed configuration

[ Conduction loss of the traditional configuration
7 Switching loss of the traditional configuration

Power loss (w)
B

1
m m B _ _m

S0* | S0 | DO* | DO | LO* | LO | CO* | CO |S1x*| S1x D1x*| Dlx |S2x* | S2x |D2x*| D2x
|sw loss 01| 0 |066| O 0 0 0 0 029|347 012|016 029|041| 0.1 | 141
|cund loss| 061 0 (017 0 105 0 |0.03| 0 |4.24|252 0.05(0.03 4.23|4,12|0.05|0.62

Figure 7. The simulation results show power losses for both the proposed and traditional configurations. Among
them, (*) only contains the recommended components for configuration. The rest are components of the
traditional configuration. (Djx is the diode body of the switch Six, where j=1 + 3 and X=A, B, C.).
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Figure 8. The efficiency simulation results between the proposed configuration and the traditional
configuration.

With an output voltage of 110-Vrws, the performance simulation results between the proposed
configuration and the traditional configuration are shown in Figure 8. It can be seen that the proposed
configuration has greater efficiency than the traditional configuration. Since the switching losses on the
switches on the inverter side are significantly reduced in the proposed circuit configuration, the
efficiency of the proposed configuration is higher than that of the traditional configuration. At the output
power of 4-kW, the proposed configuration is 0.78% more efficient than the traditional configuration.

4.2. Experimental Results

It is recommended to use the parameters shown in Table 1 and the experimental model shown in
Figure 9 for both the recommended and traditional configurations for experiments. The parameters of
the components, semiconductor switches, and diodes are shown in Table 1. The DSP TMS320F28335
microcontroller is used to generate switch control PWM signals for IGBT and MOSFET semiconductor
switches. In these two configurations, the input DC voltage is 400-V and the modulation index M is
0.68 to achieve 110-Vrums output AC voltage. The experimental results of these two configurations are
shown in Figures 10 and 11.
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Figure 9. Experimental model.
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Figure 10. Experimental results for the proposed configuration. (a) The current through inductor Lo (ILo) and
the voltage across switch SO (Vso). (b) The voltage on capacitor Co (Ven) and the voltage on loads Vgra, Vrs, Vre.
(c) the input voltage Vo, the line voltage Vag and the pole voltage Van. (d) THD of the Vgra voltage.

The experimental results of the proposed configuration are described as shown in Figure 10. In the
buck DC-DC converter, when the switch S is closed, the current through the inductor Lo increases.
When the switch Sq is tripped, the current through the inductor decreases, as shown in Figure 10(a). The
voltage stresses on the switch So are equal to the input DC voltage, whose value is 400-V. The current
through the inductor Lo has an average measured value of 3.36-A. Figure 10(b) shows the output voltage
on the loads Vra, Vrs, Vrc With RMS values of 105-Vrus, 110-Vrus, and 109-Vrus respectively. The
RMS value of the voltage across the capacitor Co (Ven) measured is 256-Vrus, the THD of the output
voltage on the Vga load is 2.56% as shown in Figure 10(d). The output line-to-line voltage Vag has 3
voltage levels: +Vpy and 0-V. The Vay pole voltage has 2 voltage levels: +Vey, 0-V, as shown in Figure
10(c).
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Figure 11. Experimental results for the traditional configuration. (a) The voltage on capacitor Co (Ven) and the
voltage on loads Vra, Vre, Vre. (b) the input voltage Voc, the line voltage Vag and the pole voltage Van. (¢) THD
of the Vra voltage.

Figure 11 presents the experimental results of the traditional configuration with the DPWM technique.
In figure 11(a) output voltage on load Vra, Vrs, Vrc has RMS values of 104-Vrus, 109-Vrws, 107-Vrus
respectively, and THD of the output voltage Vra is 2.96%, as shown in figure 11 (c). In Figure 11(b),
the output line-to-line voltage Vag has three voltage levels: + 400-V and 0-V. The pole voltage Van has
two voltage levels: + 400-V and 0-V.

99
——Traditional configuration
98 —=—Proposed configuration
— 97 .-—.\I—-—.—I—-—I—-—-
=2
> 96
c
Q2 95
2
T oa
93
92
300 400 500 600 700 800 900

Output power (W)

Figure 12. The efficiency experimental results between the proposed configuration and the traditional
configuration.

The experimental results of the performance between the proposed configuration and the traditional
configuration are shown in Figure 12. The performance of the model is measured by a power analyzer
WT3000E. It can be seen that the performance of the inverter circuit is improved in the proposed
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configuration compared to the traditional configuration. When the output power is 900-W, the proposed
configuration efficiency is 3.36% greater than the traditional configuration.

5. Conclusions

This paper presents a technique for the proposed configuration, which is a combination of the buck
DC - DC converter circuit and 3-phase 2-level inverter circuit, in order to reduce switching loss and
improve circuit efficiency. The theory and operating principle of the proposed configuration have been
presented and verified through the simulation results performed by PSIM and PLECS software and
experiments with the experimental model. Simulation and experimental results show that the number of
switching times on the semiconductor switches on the inverter side of the proposed configuration is
reduced compared to the traditional configuration, and the efficiency of the proposed configuration is
also larger than that of the traditional configuration. It shows that the switching loss on the
semiconductor switches has been improved and that the power loss has been significantly reduced.
Configuration suitable for small and medium power applications such as: PV systems, fuel cells, and
engines.

Acknowledgments

This work was supported by the Advanced Power Electronics Laboratory D405, with the support of
the SV2023-90 project at Ho Chi Minh City University of Technology and Education, Viet Nam.

Table 2. List of Acronyms

2L Two level
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SiC Silicon Carbide
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SinePWM Sine Pulse Width Modulation
IGBT Integrated Modular Power Transistors
PV Photovoltaic
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