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Abstract: A three-phase multilevel inverter (MLI) synthesized with 31-levels in the output voltage is used to
provide ac supply to a three-phase, squirrel-cage induction motor. The gating angles required for thirty power
switches in MLI are optimized by both Genetic Algorithm (GA) and Gray Wolf Optimization (GWO). In the
optimization technique, the optimal angles are determined by solving the trigonometric equations from the
Fourier analysis for targeting minimum total harmonic distortion (THD) at the MLI output. Simulation model
and experimental prototype are developed for performance analysis and validation. The results obtained
demonstrate that the MLI is effectively able to produce 31-levels of three-phase ac output voltages with THD
not exceeding 5% when loaded with a resistive load and a three-phase induction motor. The voltages and
currents are measured and recorded for different loads and operating conditions, including the amount of
energy consumed by the loads, as well as frequency analysis, which shows the absence of most of the triple
harmonics that have a negative impact on the efficiency of the inverter.

Keywords: DC/AC (inverter); power converter; GA algorithm; GWO algorithm; soft switching

1. Introduction

Three-phase multi-level inverters (MLI) are used in applications that require a medium or high
level of electrical power [1,2]. The control circuits in these inverters aim to change the amount of
output voltage by changing the number of levels used, as well as changing the frequency of the
output voltage, which makes them important power sources in many electrical systems. One main
task of MLI application is driving three-phase motors, which are widely employed in numerous
applications [3,4]. Recently, these inverters have found important applications in the field of
renewable energy [5-7] and are also an essential part of the modern vehicle industry [8]. Researchers
are working hard to develop efficient controllers for the inverters by enhancing the gating signals for
the inverter switches and also by reducing the number of these switches required for minimum losses
resulting from the on and off states [9-14]. In this research, a three-phase MLI with 31- levels is
designed, simulated, and implemented using Spartan 3E FPGA controller with an optocoupler to
drive the switches in the three-phase inverter. Genetic algorithm [15,16] and gray wolf optimization
algorithm [17,18] algorithms, are employed as artificial intelligent techniques to solve and optimize
for the switching angles in this three phase MLI. The paper is organized as follows: The proposed
topology of the three-phase MLI is shown in section II. The details of the employed methods are
presented in section IIl. MATLAB simulation analysis and results are discussed section IV. A
prototype and experimental results are presented in section V and finally, the conclusion of the work
is described in section VL

2. Proposed Topology

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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The proposed topology for the three-phase MLI with reduced number of switches consists of 10
switches (MOSFET’s or IGBT’s) and 4 DC sources for each single- phase, resulting in a total of 30
switches and 12 DC sources for a three-phase implementation, as shown in Figure 1.
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Figure 1. Proposed topology for the three-phase 31-level MLI.

To illustrate the principle of fabricating multi-levels inverter output, Figure 2 represents the

output voltage of a 5-level inverter, with two angles ( @; and a;) . These angles are determined by
solving the trigonometric equations resulting from Fourier analysis of the output voltage of the

inverter. The Fourier series for a stair periodic function can be expressed [19] as
vo(t) = % + Yi-o aycos(nwt) + b, sin(nwt) (1)

a, and b,, are even and odd

Where a,, is the average value of the output voltage,
components of the staircase periodic signal respectively. The stair waveform possesses a quarter
wave symmetry which sets a,,a, and the odd b, values to zero and simplifies equation (1) to:
vo(t) = Xit1357911... bnsin (nwt) 2)

)

_ 4Vac m
where b, = - Zk=1,3,5,7,9,11 ......

These equations can be solved for any number of levels of the MLI. In three phase system the
triple harmonics (34,9t , 15t ...)) are eliminated implicitly. To eliminate other harmonics (5t
harmonic), for example, the following equations are to be solved for optimum values of the gating

angles.
by = % {cos(ay) + cos(@z)} = Viuna  (4)
b, = ©)

where Vi, is the fundamental output voltage. Intelligent algorithms are employed to find the

optimal solution for the values of these angles by relying on the selective harmonics elimination
(SHE) technique with the restriction a; < a; < % . The other timing instants for one complete cycle

% {cos(5a;) + cos(5a,)} =0

of the output voltage are derived from these two angles.
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Figure 2. Five level Inverter and its timing instants.

3. Artificial intelligence Algorithms

Artificial intelligence (AI) algorithms work efficiently in solving mathematical problems
resulting in an improved performance of the engineering systems [20]. In this research, Genetic
Algorithm (GA) and Gray Wolf Optimization (GWO) algorithm are used to find the optimum gating
angles of the inverter switches. A curve fitting principle is employed to determine the optimum
solution between these two algorithms. For a three-phase inverter system with 31- levels, 15 angles
are required for Phase A, and then a phase shift of 120° and 240° are set for Phase B and Phase C
respectively. The inverter is operated at modulation index M=0.7. Other values of modulation index

can be implemented following the same principle. This is summarized in Table 1.

Table 1. Switching angles for 31 levels inverter.

Angle a; a; a3 a, as as a; ag Ay Ay A1y Ay Qg3 Qg Qg
GA 33 6.1 13.1 16.7 231 272 335 387 455 522 585 662 747 83.8 85
GWO 12 118 233 322 422 506 589 674 712 79.6 804 851 859 86 86
Optimum 2.4 521 842 142 163 22.6 274 31.6 371 429 505 584 674 786 85

4. Results

4.1. Simulation results

The proposed three-phase 31- levels MLI is built and simulated in MATLAB Simulink software
using the optimized angles in Table 1. The three single- phase inverters are Y-connected to form the
three phase 50Hz ac supply source as shown in Figure 3. Each phase has 10 power switches (IGBT’s)
and 4 DC sources. The (IGBTs) are working in complementary mode. Switches T2, T4, T6, T8, and
T10 are the complements of T1, T3, T5, T7, and T9 respectively. A voltage of Vbc=24V is used for each
stair level. The other three DC sources are 2Vpc=48V, 5Vpc=120V and 10Vbc=240V. To generate 31-
levels at the inverter output voltage, multiple paths are chosen for the electrical current to pass
through the power switches. Here, several DC sources are used, either adding them together,
subtracting them from each other, or using individual sources. The peak output phase voltage
=15(level)*24V (one stair voltage) =360V. The peak line voltage = 580V and Viwkwms) = 410V. The three-
phase induction motor specifications used for simulation are: Squirrel cage (5.4 HP 4 KW 50Hz
1430RPM). The Simulink model for 31- levels, three-phase MLI connected with a three-phase squirrel
cage induction motor load is shown in Figure 3.
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Figure 3. Three-phase 31- MLI Simulink model with squirrel cage motor load.
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i} Phase voltages

The detailed fabrication of gating periods for phase A is shown in Table 2, the asterisk * stands
for complementary mode.

Table 2. Switches states for the positive half period.

’IT 21* 'lTj* ;:* ’IT 87* TE?)* Level Duration Shift
1 1 1 1 1 0 a, 0
0 1 1 1 1 1 a, —ay a;
1 1 0 1 1 2 az — a, ay
0 1 0 1 1 3 a, — Qs as
1 0 1 1 1 4 as — Qy ay
0 0 1 1 1 5 g — U5 as
1 0 0 1 1 6 a; — g Qg
0 0 0 1 1 7 ag — ay a;
1 1 1 0 1 8 a9 — ag ag
0 1 1 0 1 9 Q19 — Qg Qg
1 1 0 0 1 10 a1 — Aqp Q10
0 1 0 0 1 11 Qi — 01 a1
1 0 1 0 1 12 Q13 — A1y a1z
0 0 1 0 1 13 Q14 — U3 a3
1 0 0 0 1 14 Q5 — Qg Q14
0 0 0 0 1 15 T— 205 Q15
1 0 0 0 1 14 QA5 — Qqg T — U5
0 0 1 0 1 13 Q14 — Qg3 T— Qg
1 0 1 0 1 12 Q13 — A1y T — Q3
0 1 0 0 1 11 Ay — Qg T —
1 1 0 0 1 10 a1 — Ay T — Q41
0 1 1 0 1 9 Q19 — Qg T — Qqp
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5
1 1 1 0 1 8 Qg — Qg T — Qg
0 0 0 1 1 7 ag — ay T — ag
1 0 0 1 1 6 a; — g m—a;
0 0 1 1 1 5 Qg — s T — g
1 0 1 1 1 4 a5 — Ay T — Q5
0 1 0 1 1 3 a, — a3 T—0ay,
1 1 0 1 1 2 az — ay T — Qs
0 1 1 1 1 1 a; —ay T—a,
1 1 1 1 1 0 a, T—

The detailed Simulink model of the switching controls is shown in Figure 4. The gating signals
for phases B and C are derived from Phase A by adding a phase shift of 120°and 240° respectively.
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Figure 4. Fabrication of gating periods for Phase A.

The output three-phase and line voltages for the 31-level MLI are shown in Figures 5 and 6
respectively.
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Figure 5. Phase voltages from simulation.
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Figure 6. Line voltages from simulation.

The phase currents supplied from 31-level MLI to the induction motor are shown in Figure 7.
The current from 0 to 1 sec is about 4.25Arms when the motor is operating at no load. When the motor
is subjected to external 20 N.m load at the instance from 1sec to 2 sec the current increases to
11.3Arms. And finally, from 2s to 3sec the current increases to about 24Arms when the motor is
subjected to 40 N.m load. A phase shift of about 36° is observed between supply voltages and
currents as shown in Figure 8 indicating a lagging power factor of 0.81.
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Figure 7. Squirrel cage motor currents.
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Figure 8. Phase shift between voltages and currents.

The measurement of the three-phase squirrel cage induction motor consisting of motor speed,
electromagnetic torque, and stator current of phase A are shown in Figure 9. The motor reaches its
base speed of about 1500 rpm at no load. This speed is then reduced due to the external load
subjected at the instance between 1s and 2s. The stator current increases from no load values to higher

values to reflect the applied load torque. The power consumed consists of active power P and reactive
power Q are shown in Figure 10.

Speed RPN
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o
o o o
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Time(s)

Stator current

Figure 9. Motor measurments at different loads.
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Figure 10. Power consumed by the load.

The fast Fourier toolbox set in MATLAB software shows that the harmonics contents in the
inverter phase voltages are relatively low and the total harmonic distortion THD is about 4.69% and
the recorded value of the line voltage THD is 4.05% as shown in Figures 11 and 12 respectively.

The motor is considered as inductive load which filters some harmonics, and resulting in a low
harmonics distortion THD of 1.54% of motor current as shown in Figure 13.
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Figure 11. Phase voltage.
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4.2. Practical results

4.2.1 Generating gating pulses

The Spartan 3E controller is used as the processor unit in the experiment. The clock frequency
of the controller is 50MHz, there for the period of each clock is 20ns. To cover one cycle of 50Hz ac
supply at the inverter output, a total of 20ms/20ns = 1000000 clocks from Spartan 3E controller is
required. A prototype of the proposed three-phase, 31-level MLI is designed and built as shown in
Figure 14a. The operation of 30 switches is programmed using Sparta 3E by writing a program in the
VHDL language and then simulating it for the appropriate pulses to operate the switches. The
simulated pulses are shown in Figure 14b for one cycle of operation.
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Figure 14. (a) Experemental set up for the implementation of the proposed three-phase 31-level
MLI. (b) Spartan 3E simulated pulses for IGBTs.

The corresponding number of pulses for each optimized angle in Table 1 is calculated in Table

Table 3. Corresponding pulses count of Spartan 3E clock for the 15 angles .

a,-6778  a,=14472  @3=23389 @,=39472 a;=45445 @,=62889 @,=76278 agz=87917
2o=103056 a;,=119222 a,,=140361 @,,=162278 a;5=187389 a,,=218445 @,s=236111

Table 4 shows IGBTs states for the positive half -cycle for phase A. The states of IGBTs for Phases
B and C are determined by taking into consideration the 120° phase shift between the three phases.

Table 4. shows IGBTs states for the positive half- cycle for phase A.

T1 T3 T5 T7 T9 Duration

T2* T4* T6* T8* T10* PHASE A
1 1 1 1 1 1 aq 026778
2 0 1 1 1 1 a, —a; 6779 > 14472
3 1 1 0 1 1 az — a, 14473-> 23389
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41 0 1 0 1 1 a — Qs 23390 > 39472

51 1 0 1 1 1 ac—a, |39473 > 45445

6 | 0 0 1 1 1 ag—as | 45446 > 62889
7 | 1 0 0 1 1 a, —ag | 62890 > 76278
8 | 0 0 0 1 1 ag — 76279 = 87917

9 | 1 1 1 0 1 ay — ag 87918 > 103056
10| 0 1 1 0 1 Qo — g | 103057 > 119222
1] 1 1 0 0 1 ay —ay, | 119223 > 140361
2] o 1 0 0 1 ay, — ;| 140362 > 162278
13 ] 1 0 1 0 1 Qs — Qg | 162279 - 187389
14| o 0 1 0 1 Qi — Qg3 | 187390 - 218445
15| 1 0 0 0 1 Qs — Qy, | 218446 - 236111
16| 0 0 0 0 1 T—2a;s | 236112 - 263890
17 | 1 0 0 0 1 Qs — @y, | 263891 - 281557
18] 0 0 1 0 1 Qi — gz | 281558 >

312613
19| 1 0 1 0 1 Qs —ay, | 312,614 337725
20 1 0 0 1 ay, —ay, | 337726 >
359643

21| 1 1 0 0 1 ay — | 359644 > 380783
2| 0 1 1 0 1 Qo — g | 380784 > 396950
23| 1 1 1 0 1 Qo — g 396951 = 412089
24| 0 0 0 1 1 ag—a;, | 412090 = 423729
25| 1 0 0 1 1 a; —ag | 423730 > 437120
26| 0 0 1 1 1 ag—as | 437121 > 454564
27 | 1 0 1 1 1 as—a, | 454565 - 460538
28| 0 1 0 1 1 a, — Qs 460539 - 476622
29 | 1 1 0 1 1 as — a, 476623 - 485540
30| 0 1 1 1 1 @ — 485541 - 493235
31| 1 1 1 1 1 a1 493236 - 500000

A VHDL file based on Table 4 to get 31-level MLI is uploaded to SPARTAN 3E controller. The
controller outputs 30 gating signals. These gating signals are fed to the appropriate 30 power
switches. The 10 power switches in each phase circuitry are designed to work in complementary
mode as shown in Figure 15 for phase A. Also shown are the 120° phase shifts between phases A, B
and C. A dead time of 4psec is added between outgoing and incoming switches to avoid any possible
short circuits.
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Figure 15. Gating pulses for IGBTs in phase A and the phase shift between phases.

4.2.2. The proposed 31-level MLI operating at no load

The system is operated at no load to monitor phase and line voltages. Figure 16a shows three-
phase output voltages at 50Hz and 122Vrms. The line voltage (Vab) is shown in Figure 16b at 50Hz
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Figure 16. Phase and line voltages of the proposed three-phase 31-level MLI at noload.

The power and quality analyzer HZCR-5000 are used to record the results. The three-phase

voltages, THDs and phase shift between phases are shown in Figure 17a—c respectively.
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The line voltages, THDs and phase shift between phases are shown in Figure 18a—c respectively.

(@) 208V (2) 205V

Figure 17. The three-phase voltages , THDs and phase shifts at no load.
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Figure 18. Line voltages , THDs and phase shift at no load.

4.2.3. load test

The load test is divided into two parts, static load using three-phase resistive load and dynamic
load using three-phase squirrel-cage induction motor. In the static load test, a Y-connected resistive
load connected to the output terminals of the 31-level MLI. From the results measured, THDs of the
phase and line voltages are well below 5% limit as shown in Figure 19a,b respectively. The details
of the consumed power are shown in Figure 19c where the power factor is almost unity due to purely

resistive load.
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Figure 19. phase and line voltages THDs and consumed power for resistive load.
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The three-phase currents shown in Figure 20a shows average THDs value below 5% which is
compatible with their respective voltages. The relation between phase-voltage and current in phase
A supply is shown in Figure 20b. Other phases respond in very similar characteristics. Figure 20c
shows the phase difference between the three-phase currents. Although the load is resistive, there is
a small value of phase difference between voltages and currents, and this is normal in practical work.
The unbalance is recorded as 1.2% which is considered as low value.
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Figure 20. phase currents result for resistive load.

A three-phase squirrel- motor is used in the dynamic load test. The motor has the following
specifications:

Three-phase induction motor (SIEMENS) 220/380 A/Y, 0.18 kW, 1315 rpm, 50Hz. When the
motor is at no load, the 31-level MLI supplies a relatively small three-phase current of about 0.25A
per phase as shown in Figure 21a. The relation between phase voltage and current in phase B is shown
in Figure 21b. The current lags the voltage since as the load is now inductive. The recorded THDs are
less than 5% and shown in in Figure 21c.
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Figure 21. Motor currents at no-load.

The harmonic analysis is shown in Figure 22a where most of the triple harmonics were either
eliminated or at low values. The power consumed by the motor in Figure 22b clearly shows the
effect of the inductive load in the total VAR power.
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The motor is later subjected to fan load. As can be observed, the 31-level MLI supplies current
about 0.75A per phase more to the motor to compensate for the applied load torque as shown in

Figure 23a. The THDs is still low, averaging about 3.8% as shown in Figure 23b. The power consumed
by the motor at load is shown in Figure 23c.
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Figure 23. Motor currents , THDs and consumed power at load.
5. Conclusion

A three-phase, 31- level MLI has been designed, modeled, and experimentally tested as
described in this paper. The genetic algorithm and gray wolf optimization algorithms are used to
solve the trigonometric equations resulting from Fourier analysis of the inverter voltages for the
purpose of finding the ideal angles to cancel many triple harmonics. The optimal angles are then
chosen from among the ideal angles between the two algorithms by curve fitting. The inverter is
loaded with a resistive load and a three-phase induction motor. It was observed that the THD values
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do not exceed 5% for all operating conditions for phase and line voltages as well as for load currents.
Frequency analysis showed that many triple harmonics have been eliminated. The simulation of the
three-phase MLI system is investigated in MATLAB Simulink model, and the simulation results are
in good agreement with the practical results. This indicates that the 31-level MLI system can
potentially become an efficient and reliable three-phase inverter supply for various static and
dynamic loads.

6. Future suggestions

The THD value has a fundamental impact on the efficiency and utility of the inverter. There are
two main factors that significantly reduce the amount of FAD. First, use optimal values for the
operating angles of the power switches. This is done by choosing the best angles from a group of
algorithms more than the algorithms used in this research. Secondly, reducing the number of
switches used by deriving a topology that ensures smooth paths of current while at the same time
obtaining a larger number of inverter levels and a contributing to reducing the number of DC sources
needed by the inverter.
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