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Abstract: This paper presents the application of a newly developed 21-level hybrid multilevel inverter. A high frequency
modulation technique known as sinusoidal pulse width modulation (SPWM) is applied to the hybrid inverter. This
modulation methodology operates the switching sequences of the multilevel inverter to produce the desired 21-level
output voltage. To validate the proper application of this inverter, it is further utilized to maintain the speed of a
single phase induction motor. The velocity control of the motor is established on the principle of V/f control technique.
The speed control strategy along with the compatibility of the SPWM modulation technique were verified by means of

simulation and experimental results.
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1. Introduction

Power converter is a device which consists of a combination of semiconductor switches. These switches are
designed to generate power by tuning its level and frequency in terms of load demand [1]. Despite its

prevalent use, traditional inverters are not compatible in high voltage and high power applications. This
phenomenon occurs due to the associated switching losses and power dissipations. Additionally, the conventional
voltage source inverters generate nonsinusoidal voltage waveforms which are responsible for current distortion,
diminishing motor efficiency and initiating unwanted vibrating torque. A significant drawback of conventional
inverters is that they change the voltage step from zero to maximum voltage directly without any step change.
This drawback can cause the breakdown of motor insulation due to the fast and frequent voltage rise known as
dv/dt [2]. In order to overcome these drawbacks, researchers started improving the characteristics of conventional
inverters and proposed the idea of multilevel inverters (MLIs). In contrast to conventional inverters, MLIs can
change the output voltage in multiple steps rather than one step voltage change [3]. MLIs were primarily
recommended for applications associated with high level voltage and power [4]. However, the applications of
MLIs have been extended to other voltage levels due to its unique properties such as better waveform quality,
less total harmonic distortion (THD) and lower switching losses [5]. Furthermore, the extensive applications of
MLIs include adjustable speed drives, static VAR generation, power factor compensation etc. [6].

Multilevel inverters were first introduced in 1975 in the form of series connected H-bridge [7]. Since then
various topologies of multilevel inverters have been developed and proposed by researchers. The three classic
MLI topologies are neutral point clamped (NPC), flying capacitor (FC) and cascaded H-bridge (CHB) [8, 9].
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NPC inverters were primarily introduced in the industry as 3-level DC-MLI. A major concern of this type of
inverter is the usage of high number of clamping diodes and capacitors to generate high voltage levels [10].
Unequal loss distribution among the power switches is an aditional concern associated with these inverters [11].
A modified design of NPC, called active NPC (ANPC) has been proposed in 2005 to mediate the unequal loss
distribution. This study utilized switches instead of clamping diodes to stabilize the losses among the switches
[12]. FCs are also a type of conventional MLI which utilize different capacitors to produce high level of voltage.
In case of FCs, more capacitors are required as the number of voltage levels increases. These capacitors can
maximize the cost and minimize the reliability of the converter [13]. Finally, the CHB inverters are the latest
traditional MLIs that have the minimum component count compared to NPC and FCs. As researchers are
endeavouring to increase the number of voltage levels, several new topologies were proposed by modifying the
fundamental MLIs. One of these modification is known as hybrid MLIs which are generally designed combining
two or more MLI topologies. Some recently proposed hybrid topologies are discussed in [14-18]. The biggest
advantages of the hybrid MLIs over the conventional MLIs are that; they have higher modularity with less
power components, lower total harmonic distortions (THD), high voltage gains, simplicity in control and low
common mode voltage (dv/dt). These features of the hybrid MLIs have made highly suitable in industrial motor
drive applications. In addition, conventional MLIs change the voltage step from zero to maximum voltage usign
lesser step and thus, create superfluous voltage stress on the switches and eventually decrease their longevity.
It also causes the motor isolation to breakdown because of fast and frequent voltage rise which is known as
common mode voltage. On the contrary, hybrid MLIs can change the output voltage in more voltage steps
rather than lower voltage change and thus, significantly reduce the voltage stress on semiconductor switches.
One of the most important specifications of hybrid MLIs is being able to control the voltage and frequency in
between zero to maximal values by changing the supply frequency. Capability of limiting the negative effect of
harmonics is another major specification of hybrid MLIs that can enhance the performance of AC drive. By
implementing proper inverter control strategy, major harmonics frequency can be adjusted to a level in such a
way that the inductive reactance of the motor can work as a filter keeping the distortion level in an acceptable
limit.Conventional inverters lack these features resulting costly measures for instance, reduce the power rating
of the motor and addition of filter. These deficiencies are sometime responsible for operational complication in
motors like torque ripple or motor breakdown [19].

Considering all these facts stated above, this paper followed a new approach of generating high voltage
levels by hybridizing a cross-switched MLI and a conventional full H-bridge inverter for induction motor drive
utilizing fundamental frequency and speed control. A simplified sinusoidal pulse width modulation (SPWM)
technique is implemented to control the hybrid MLI minimizing the common mode voltage, THD and increasing
the transient response of the whole system. The operating principles of the proposed MLI and SPWM along

with the implementation of V/f controller have been discussed in the following sections.

2. Hybrid MLI topology and its operation

The proposed hybrid multilevel inverter is a combination of a cross switch inverter [20] containing six switches
in conjunction with two DC supplies and a 3-level full H-bridge inverter consisting four switches with one
DC supply. The middle two switches of the cross switched inverter denoted by S5 and S6 act as a channel
between the two DC source voltage designated as V1 and Vio. The generated voltage from both DC sources
is allocated in these two middle switches. Therefore, the voltage rating of these two switches will be high.

The cross-switched inverter can produce 7-level output voltage within a range of +3F to -3E by using S1, S2,
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S8, 54, S5 and S6 switching combinations and maintaining a voltage ratio of 2:1 among the two DC sources
Vo1 and Vio. Switches S1, S5 and S8 will function in complementary manner to switches S2, S4 and S6. The
cross-switched inverter can be extended into Nieye; by following the equations stated below where n = 1,2,3.......
and it represents the number of cell.

NLevel == (Gn + 1)7 (1)

NSwitch = NLevel - 17 (2)
N, witc

NDCisupplies = M (3)

3

Moreover, the H-bridge inverter can produce 3-level output voltage in a range of +F to -E utilizing the
switching combination of S7, S8, S9 and S10. Switches S8 and S10 will function complementary to switches S7
and S9 respectively. The hybridization of these two inverters is capable of generating 21 voltage levels within
a range of +10F to -10E. The final design of the hybrid inverter is illustrated Figure 1. In this case, the three
DC sources designated as Vg1, Voo and Vs follow a ratio of 2:1:7 among them. The complete switching
configurations and their corresponding voltage levels are tabulated in Table 1. Similar to the cross-switched
inverter the hybrid MLI can also be extended into Nje,e; following Equations (4)—(6). It should be noted that

to apply this extension the DC voltage sources should always follow 2:1:7 ratio among themselves.

NLevel = (2077' + 1)7 (4)
Niever — 1
NSwitch = %7 (5)
3 X Nsuwitcn
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Figure 1. Schematic diagram of 21-level hybrid multilevel inverter.
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Table 1. Voltage levels and switching sequences of the 21-level hybrid MLI (Vo1 = 2E, Voo = E, Ves = 7E).

Switching states (SW) | On/off switches Output voltage (Vag)
S1185| 83|87 89
10 1 0 0 1 0 10E
9 1 0 1 1 0 9FE
8 0 0 0 1 0 S8E
7 1 1 0 1 0 TE
6 1 1 1 1 0 6F
5 0 1 0 1 0 5E
4 0 1 1 1 0 4F
3 1 0 0 0 0 3B
1 0 0 1 1
9 1 0 1 0 0 9F
1 0 1 1 1
1 0 0 0 0 0 1B
0 0 0 1 1
0 0 1 0 0
0 0 0 1 1 1 0F
1 1 0 1 1
1 1 0 0 0
1 1 1 1 0 0 E
1 1 1 1 1
9 0 1 0 0 0 9F
0 1 0 1 1
3 0 1 1 0 0 3E
0 1 1 1 1
-4 1 0 0 0 1 -4F
-5 1 0 1 0 1 -5F
-6 0 0 0 0 1 -6F
-7 0 0 1 0 1 -TE
-8 1 1 1 0 1 -8E
-9 0 1 0 0 1 -9F
-10 0 1 1 0 1 -10FE

3. Sinusoidal pulse width modulation (SPWM)

The gate pulses and the 21-level output of the hybrid MLI are generated using level shifted SPWM technique
as proposed in [21]. The method utilized in this paper follows a carrier wave arrangement where all the carrier
waves above the zero reference are in phase but in opposite with those below zero reference. Since this inverter
is capable of generating Np.,.; = 21 voltage levels, it will require 20 carrier waves each having a frequency of
fer and an amplitude of A... Here, the reference signal is a sine wave which will be determined by the v/f
control algorithm. The frequency modulation index of the inverter and the amplitude modulation index are

given by the following equations:
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my =12 @

m = W (8)

To execute the SPWM technique, the carrier signals above the zero reference and the carriers below the

zero reference are identified initially. At every instant each carrier wave is compared with a modulating signal.
For the positive carrier waves, if the modulating wave is greater than the carriers then the comparison will give
1’ as an output and ’0’ for otherwise. On the other hand, for the negative carrier waves if the modulation
wave is smaller than the carrier waves then the comparison will give -1’ as an output and ’0’ for otherwise.The
pulses obtained from these comparisons are then added mathematically to acquire the switching states. Finally,
10 gate pulses are derived by comparing these switching states with the switching sequences of the proposed
hybrid MLI as shown in Table 1. These gate pulses are further applied in the switches of the hybrid multilevel

inverter to generate the simulation outputs as shown in Figures 2 and 3.
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Figure 2. Gate pulses of the odd switches (51, S3, S5, S7 Figure 3. Branch voltages of: cross switch inverter (Ve
and S9) of the hybrid MLI. + Vez2), CHB (Ves) and hybrid MLI (Vag).

4. Speed control of motor using v/f control

Generally, all the control strategies related to AC drives can be classified into two categories: scalar control
methods and vector control methods. Based on this classification, this paper applies an open loop scalar control
method known as constant voltage/frequency (V/f) control. In this control process, the stator voltage of the
motor is maintained in proportion to the supply frequency. In electric drive system, the voltage/frequency (V/f)
relation is linear when the motor speed is under the rated speed with little voltage offset. This indicates that
at low frequency the THD is high with a low voltage amplitude. So the motor is least resistant to THD as the
inductive reactance of harmonics filtering is proportional to the frequency. As a result, it is more effective to
run the motor implementing linear pulse width modulation (PWM) which can control the effective harmonics
frequency by setting carrier frequency.

To maintain the speed of the motor effectively, the magnetic flux of the induction motor needs to be

constant throughout the operation which is directly related to voltage and frequency. Therefore, the major
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objective of the proposed technique is to make sure the ratio of voltage to frequency is constant all the time so
as to ensure constant airgap flux. It is important to maintain constant airgap flux to avoid saturation of stator
and rotor core caused by the increase in flux when frequency or speed is decreased [17]. The saturation will
lead to increase in the motor no load current which is undesirable. Hence, any change in frequency to achieve
the reference motor speed will be accompanied by a change in the rms value of voltage. The schematic diagram

of the v/f controller is shown in Figure 4.

Induction
Vi Motor
Jm
Ns 120 SPWM
J_I_ Hybrid
T / ‘ 7 ‘ / ‘ > Multilevel
| > ‘ Inverter
X
P _I

Openloop v/fcontrol

Figure 4. Control diagram of the open loop v/f motor control technique.

The principle function of this controller is to calculate the required inverter output voltage frequency
(f) and nominal modulation index (m) for achieving the user input reference synchronous speed (Ng). The
outputs of this controller are frequency (f) and modulation index (m) which is derived from (Vs ). The speed

and frequency will change based on Equation (9) which is as follows:

120 x fon,
Ng=_——"—"“Jm 9
s 5 9)
Here, P = 4 and it represents the number of pole of the induction motor whereas, f,, = 50 Hz represents
the nominal frequency of the single phase induction motor. For a newly varying synchronous speed, the

corresponding change of frequency is calculated as follows:

_PXNS

/ 120

(10)

5. Simulation results

Simulation was done by deriving a sinusoidal reference wave having frequency f and modulation index m. Each
carrier wave has a frequency of f., = 2000 Hz and an amplitude of A.. = 0.1. The hybrid MLI was built
using three unequal DC supplies where, Vo1 = 62.2 V, Voo = 31.1 V and Vg = 217.7 V making the total
DC supply voltage of the inverter to 311 V. However, the reference synchronous speed of the motor (Ng) was

maintained from 1500 rpm to 1200 rpm to get the simulation results.
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Since the reference synchronous speed of the motor (Ng) was changed at 3 s, the generated output
voltage of the hybrid MLI has decreased from 21-level to 17-level which can be seen in Figure 5. This situation
has occurred due to the change in both frequency and modulation index. During Ng = 1500 rpm, the frequency
was 50 Hz and the modulation index was m = 1. The step change has caused the motor speed to reduce to
Ng = 1200 rpm and the V/f controller converted the frequency to 40 Hz. As a result, the airgap flux have
increased due to this sudden decreases in the frequency. In order to maintain the constant airgap flux, the

controller decreases the voltage which causes the declination of the modulation index to m = 0.8.
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Figure 5. Output voltage and current of the 21-level hybrid MLI during the speed change of the motor.

As shown in Figure 5, the output voltage was initially Vap maez = 311 V consisting of 21 levels. However,
at 3 s, when the step changed occurred the output voltage immediately decreased to Vap = 250 V generating
17 levels. Similarly, it can be observed from Figures 6 and 7 that the RMS voltage have also declined from
Vap rms = 2189 Vto Vap rms = 175.8 V. Theoretically, the RMS value can be calculated from the following
equation:

VABrms =0.707 x m X VABmam~ (11)

Additionally, it can be observed from the harmonic spectrum of Figures 6 and 7 that the THD has
increased from 5.65% to 6.46%. This happened due to the lower voltage steps produced from the hybrid
topology after the step change of the motor has occurred.

The main objective of the V/f control is to keep the stator flux of the motor constant. It is clear from
the well known fact that the frequency of the system decreases along with the motor speed. Therefore, during
speed change from 1500 rpm to 1200 rpm, the frequency decreases to 40 Hz from 50 Hz. It should be noted
that in constant V/f control, until the rated speed of the motor, the motor flux will remain constant. It can be
observed from Figure 8 that even after the step change, the flux remains unchanged. Thus, it can be concluded

that the V/f control method implemented in this paper is successful.
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Figure 8. Constant stator flux during the step change of the motor.

6. Experimental results

To validate the concept of proposed 21-level hybrid inverter and verify the simulation results, the prototype of
the inverter was designed using TMS320F28335 digital signal processor (DSP). The gate drivers are isolated
using different output ports from the DSP. These output ports will provide specific gate signals for specific gate
drivers. For instance, output port 1 of DSP will only provide the gate signal for gate driver 1. Thus, gate driver
1 will only be able to provide gate pulses for SI switch of the hybrid MLI. The DC link was built following an
asymmetrical configuration where Vo = 62.2 V, Voo = 31.1 V and Vg = 217.7 V and Vg = 311 V. Thus,
a voltage ratio of 2:1:7 among the DC supplies was ensured. This particular voltage configuration was followed
to meet the minimum DC voltage requirement of the single phase induction motor. The complete hardware
specification of the prototype is given in Table 2.

In order to investigate the performance of the proposed inverter, a single phase capacitor run capacitor
start induction motor was connected. The constant V/f control was implemented by using SPWM control
technique as discussed in Section 3. Therefore, using the principle of SPWM operation, the hybrid MLI will
produce a single phase output to run the motor.

The purpose of this experimental test was to evaluate the performance of the proposed inverter by driving
the motor at different reference speeds. In this section, the experiment was conducted following two modes of

operation. The fist mode of operation represents the state prior to the step change while the second mode of
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Table 2. Specifications of the hardware prototype.

Hardware specification | Symbol | Value/model

Ve 622V
DC voltage supplies Voo 311V
Ves 2177V
Switching frequency fs 2000 Hz
Motor power P 300 W
Motor pf 0 0.89
Motor current 1 2.42 A
IGBT switches S1-S10 Fuji 2MBI150U2A-060
150 A and 600 V
Gate drive optocoupler HCPL3120
Gate drive IC SN7411C04N

operation represents the state after the step change was applied. Figure 9 demonstrates the output voltage
during the first mode of operation when the motor was running at a rated speed, Ng = 1500 rpm having a
fundamental frequency, f = 50 Hz and modulation index, m = 1. In this state, the inverter generated the
maximum output voltage, Vap mar = 311 V consisting 21-levels. However, in the second mode of operation,
the speed of the induction motor was decreased to Ng = 1200 rpm. The fundamental frequency and the
modulation index were also decreased to f = 40 Hz and m = 0.8 respectively as shown in Figure 10. In this post
step change state, the proposed inverter produced output voltage Vap = 250 V generating 17-levels instead of
21-levels. By observing Figure 11, it can be stated that the inverter’s RMS voltage was Vap ,ms = 218.6 V
initially and it also has a lower dv/dt ratio with a total harmonic distortion (THD) of 5.7%. Moreover, during
the second mode of operation, the RMS voltage was reduced to Vag rms = 175.8 V. This also showed a higher
dv/dt ratio with an increased THD of 6.5% as illustrated in Figure 12.

7. Comparative analysis

As mentioned earlier, one of the major drawback of multilevel inverter is the demand of high number of power
electronic elements. To evaluate the characteristics of the proposed topology, the inverter is compared with the
traditional inverters such as asymmetrical CHB, NPC, FC and recently developed MLI topologies [22-27] in
terms of required number of power electric components. The comparative analysis is displayed in Table 3. It
can be observed that the proposed inverter significantly minimizes the required number of switches, DC voltage
supplies, diodes, flying capacitors and DC bus capacitors. In comparison with the other MLI topologies, the
major advantages of the proposed 21-level MLI are: (i) High number of voltage level with less number of power
electronic components (ii) The proposed inverter combines the advantage of cross-switch MLI and traditional H-
bridge inverter which include simple operation technique, minimized power components and low THD. (iii) The
hybrid inverter is compatible with the proposed high frequency SPWM modulation technique. The compatibility
was validated by obtaining similar and accurate results in both simulation and experimental sections. The
technique was successfully applied to produce appropriate switching signals and operate the inverter in both
high and low modulation indices. It is worth mentioning that the proposed modulation technique utilized in

this paper can be implemented for all types of multilevel inverters. On the contrary, the only disadvantage of

3227



MERAJ/Turk J Elec Eng & Comp Sci

[ F— | r—

ety R e
5 i

Figure 9. Experimental output voltage and current be- Figure 10. Experimental output voltage and current
fore step change at m = 1 and Ng = 1500 rpm. before step change at m = 0.8 and Ns = 1200 rpm.

HARMONICS HARMONICS
B5.°
17580

SiaT
FA Y

Y
-

Ammam n slisn 0 = = 2l . nlns II
1T 5 9 131721252933 37 4145 49 1 2 3131721252933 37 414549

AMPS : WATTS : [} TIEETE

Figure 11. Experimental harmonic spectrum before step  Figure 12. Experimental harmonic spectrum after step
change at m = 1 and Ns = 1500 rpm. change at m = 0.8 and Ns = 1200 rpm.

the proposed hybrid inverter is the use the of cross connected semiconductor switches. The voltage rating of
the semiconductor switches is high since these switches have to share voltages from two DC supplies. Therefore,
switches that can withstand high voltage is required to be used which can increase the overall cost of the system.

The superiority of the proposed hybrid inverter is further proven by its motor drive application with
a conventional 3-level CHB inverter and five other recently developed MLIs proposed in [15-17, 25, 27]. It
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Table 3. Comparison between different MLI topologies in terms of power electric components.

Inverter types Switches | DC supplies be bl_ls Flying Diodes Total
capacitors | capacitors components

Neutral point clamped 40 1 20 0 60 121
Flying capacitors 40 1 20 28 40 128
Symmetrical CHB 40 10 0 0 40 90
Asymmetrical CHB 12 3 0 0 12 27
Cross-switched MLI [22] 40 1 20 0 60 121
Reduced switched MLI [23] 16 5 0 0 16 37
Switch ladder MLI [24] 10 4 0 0 10 24
Asymmetrical hybrid MLI [25] | 12 3 3 0 12 30
Switched-capacitor MLI [26] 16 1 0 20 36 72
Symmetrical hybrid MLI [27] | 10 1 7 0 10 28
Proposed topology 10 3 0 0 10 23

should be mentioned that the for the MLI proposed in [27], 11-level model (highest end) is considered for
the comparison. Graphical comparisons are given only while comparing with the conventional CHB inverter
whereas, numerical values were shown when comparing with the hybrid MLIS. In other words, the comparative
approach is demonstrated considering the graphical comparison (with CHB) as a highest benchmark (100%).
The comparison is done in terms of torque ripple, transient response, dv/dt ratio and total harmonic distortions.
Figure 13 shows the torque waveform for the hybrid inverter while Figure 14 shows the torque waveform for
the CHB inverter.

torque waveform with significantly lesser ripples than CHB inverter. In other words, it produced only 5.5%

By comparing these figures it can be clearly stated that the hybrid inverter produced

ripples compared to CHB inverter. Besides, the topology proposed in [15] produced 27.75% whereas, the hybrid
topologies [16, 17, 25, 27] produced torque ripple of almost 86.85%, 64.61%, 33.23% and 54.5% respectively.
Furthermore, it can be seen that the waveform of the hybrid inverter became ripple free after 0.9 s whereas,
the waveform of the CHB inverter got ripple free at 1.25 s. Thus, proposed MLI showed 0.35 s faster transient
response compared to the CHB inverter. Putting matter into similar perspectives, the other hybrid MLIs got
ripple free at 0.995 s, 1.205 s, 1.129 s, 1.014 s and 1.099 s respectively. Therefore, it proves that the settling
time of hybrid inverter is also better than CHB inverter and all other hybrid MLIs mentioned in this section.
This comparison provides a greater advantage for the proposed inverter over the other MLIs since, increased
torque ripple can induce torsional oscillation and damage motor’s shaft.

Figures 15 and 16 show the common mode voltage of the the conventional CHB and the hybrid MLI
respectively. For H-bridge inverter, the switches produce output lines in between zero and maximum voltage
which causes high and repetitive fast voltage rise. Due to this switches can be melt down or fused. However,
in case of hybrid MLI, the voltage step is very low and it is only 10% of the maximum voltage. Considering
the similar aspect, the hybrid MLIs [15-17, 25, 27] produced voltage steps which are 18.29%, 62.2%, 35.56%,
20.73% and 28.27% of the maximum voltage (311 V). This low voltage step of the proposed MLI compared to
other MLIS, ensures low dv/dt and decreases electromagnetic interference (EMI). For inverter fed motor drives,
high dv/dt in the output voltage of the inverter can create partial discharging which is responsible for premature

failure of motor winding insulation. Because of high dv/dt, bearing current is produced by the shaft voltages
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Figure 13. Torque ripple of hybrid inverter.

7.5

45H -

Torque (Nm)

15H -

0 0.25 0.5 0.75 1 1.25 15 175 2 2.25 2.5
Time (sec)

Figure 14. Torque ripple of CHB inverter.

flowing into the shaft bearing resulting in early bearing failure. It can also create voltage reflections in the
cable which can increase the motor terminal voltage, maximize the ground currents and eventually decrease the
lifetime of the motor [21].

The total harmonic distortions (THD) of all the hybrid MLIs including the conventional CHB inverter
are obtained by establishing similar simulation parameters and control. The input DC-link voltage of all these
inverters are considered to be 31.1 V with the gate pulses generated by applying SPWM technique as discussed
earlier. These information are further tabulated in Table 4 for better understanding. It can be addressed that
the proposed MLI has generated significantly better harmonic profile compared to all other MLIs. From the
aforementioned analysis, the advantages of the proposed hybrid MLI can be listed as follows: (i) it can produce
higher voltage level employing reduced power components, (ii) it does not create any voltage imbalance since,
it does not require the use of clamping diodes or flying capacitors, (iii) its operating principleis very simple and
can be related to conventional CHB inverter, (iv) it can perform better industrially since, it produces lower

torque ripples, lower common mode voltage, has faster transient response and has a better harmonics profile.

8. Power loss calculation and efficiency

To calculate the power loss of the proposed module, the total DC-link voltage of 1300 V and a load of (237
Q 0.53 H) were considered. Thus, the proposed MLI can deliver 3.5 kW output power (0.98 W/s). In this
experiment, Fuji 2MBI150U2A-060 model of IGBTs are utilized. Two principle losses generally occur during the
operation of switching devices. These losses are classified as conduction losses and switching losses. Conduction

losses (Pconduction) are defined as the losses of power electronic devices during on-state. In this case, both
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Figure 16. Common mode voltage of 21-level hybrid inverter.
Table 4. Comparison between different MLI topologies in terms of performance.
Parameters CHB | [15] [16] [17] [25] [27] Proposed
Torque ripple (%) 100 27.75 | 86.85 | 64.61 | 33.23 | 54.5 5.9
Transient response (sec) 1.25 | 0.995 | 1.205 | 1.129 | 1.014 | 1.099 | 0.9
Common mode voltage (%) | 100 18.29 | 62.2 | 35.56 | 20.73 | 28.27 | 10
THD (%) 51.89 | 6.45 17.26 | 13.77 | 8.78 11.06 | 5.65

diode and the switches are taken into consideration. The instantaneous conduction losses of the IGBT and
diodes can be determined using Equations (12) and (13), respectively.

IGBT(t) = [VIGBT + R[GBTi(t)] X Z(t) = 7.27mW/s. (12)
Diode(t) = [VDiode + RDiodei(t)] X Z(t) = 2.49mW/s. (13)

Here, Vigpr and Vp,.qe are the on-state voltage of the switches and diodes respectively. R;gpr and
Rpiode represents the equivalent resistance of the switches and the diodes. Using Equations (12) and (13) losses

of each device is calculated and these results are added together to determine the conduction losses of the hybrid
MLI.
Switching losses ( Pgwitching) are defined as the losses of power electronic devices during them turn on

and turn off. Similar to previous case, these losses are calculated for both switches and the antiparallel diodes.
This loss is directly proportional to the switching frequency. The turn on (E,y,) and turn off (Eyss) energy

loss of x switching devices can be calculated as follows:
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fon switch,x I
Eopw = / [(Uttht> ( —(t- to")ﬂ, (14)
0 on on
fors VUswitch,x 1
Eoff :/ [(t e t) ( o toj'f))} (15)
0 of f of f

Here, t,, and t,fy is the turn on time and turn off time of the switches consecutively. I represents

the current through the IGBT devices before/after they are turned off/on. vsyitch,» demonstrates the forward

voltage drop of z switch. Thus,

Nswitch,z (Non,x Nogg,o

PSwitching = f[ Z Z Eon,aci + Z Eoff,aci)] = 375111W/S (16)
=1 =1

x=1

Where, f is the fundamental frequency, Ny . and Nyyrg, represents the number of times x switch is
turned on and off during a time period of ¢. In addition, E,, 5 is the energy loss of # switch turning on for sth
time whereas, E,ff 5 is the energy loss of x switch turning off for ¢th time. Thus, the total loss ( Protq) and

efficiency can be calculated as follows:

PTotal = PConduction + PSwitching = 1351mW/b (17)

Pout

= ———— x 100 = 96.64%. 18
PTotal + Pout ! ( )

n

9. Conclusion

This paper introduced the complete design and application of a single phase 21-level hybrid multilevel inverter
utilizing less number of power electronic components. It has been demonstrated that the proposed inverter is
capable of operating at different modulation indices for motor drive application. The high frequency sinusoidal
pulse width modulation technique was precisely implemented for two modes of operation: 21-level and 17-level.
In both modes, the proposed inverter generated high quality voltage waveforms and was able to control the
speed of the motor effectively. It should also be noted that, despite using high frequency modulation technique,
the total harmonic distortions of the voltage waveforms were considerably low. Finally, the feasibility of the
proposed inverter and the reliability of the implemented modulation technique were verified. This can also

be confirmed from the simulation and experimental results for the AC induction motor which showed a close
agreement.
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