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Induction Motor Drive Systems 

 Induction motors are widely used in industrial applications, reasons 
being  
 Simple construction / low cost 
 Rugged / maintenance free / long life 

 Variable speed induction motor drive (IMD) system: 
 
 
 
 

 Focus is on the power converter, to make the system 
 Lower cost, smaller size, lower weight 
 Reliable, efficient 
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Fig: IMD System 



2-Level 3-Phase Voltage Source Inverter 
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State 
100 

110 

010 

011 

001 

101 

000 

111 

Table 1: 2-level Inverter Switching States 

Fig: 2-level VSI topology 



Hexagonal Voltage Space Vector Structure 
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Fig: 2-level Hex-VSVS 



Multilevel VSI 

 Commonly used multilevel VSI topologies & VSVS: 
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Fig: Multilevel Topologies Fig: VSVS of Multilevel Topologies 



Hexagonal Voltage Space Vector Structure… 
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Fig: Waveforms during extreme overmodulation 



Harmonic Elimination & Suppression 

 Harmonic current suppression: 
 Use high frequency PWM 

 Higher switching losses 
 EMI issues 
 Good only in linear modulation range 

 Selective Harmonic Elimination PWM 
 Limited modulation range 
 Requires offline computations 

 Use passive filters 
 Efficiency degradation 
 Bulky, good for high frequency harmonics 
 Unsuitable for variable frequency operation 
 DC-link utilization is poor 

 Voltage space vector structures with more number of sides (12, 18, …) 
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Dodecagonal VSVS 
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Fig: Phase voltage from dodecagonal structure 

Fig: Dodecagonal space 
vector structure 



Dodecagonal VSVS - Harmonics 
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Fig: Harmonic spectrum of phase voltage from dodecagonal structure 



Dodecagonal VSVS - Advantages 
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Octadecagonal VSVS 
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Fig: Phase voltage from octadecagonal structure 

Fig: Octadecagonal structure 



Octadecagonal VSVS - Harmonics 
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Fig: Harmonic spectrum of phase voltage from octadecagonal structure 



Octadecagonal VSVS - Advantages 
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Dodecagonal VSVS – Prior Works 
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Fig: Topology for 2-level Dod-VSVS 

Fig: Dodecagonal vector generation 



Dodecagonal VSVS – Prior Works 
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Fig: Topology for multilevel Dod-VSVS 

Fig: Multilevel Dod-VSVS 



Dodecagonal VSVS – Prior Works 
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Fig: Topology for 2-level Dod-VSVS using single DC 
source 

Fig: Dodecagonal vector 
generation 



Octadecagonal VSVS – Prior Works 
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 2-Level octadecagonal SVS first proposed in: 

 [4] S. Lakshminarayanan, G. Mondal, P. Tekwani, K. Mohapatra, and K. Gopakumar, “Twelve-
sided polygonal voltage space vector based multilevel inverter for an induction motor drive 
with common-mode voltage elimination,” IEEE Trans. Ind. Electron., vol. 54, DOI 
10.1109/TIE.2007.899929, no. 5, pp. 2761–2768, Oct. 2007. 

 Requires 3 DC sources delivering active power 
 Only 2-level operation 

 
 A 3-concentric multilevel octadecagonal SVS proposed in: 

 [5] K. Mathew, K. Gopakumar, J. Mathew, N. A. Azeez, A. Dey, and L. Umanand, “Medium 
voltage drive for induction motors using multilevel octadecagonal voltage space vectors,” 
IEEE Transactions on Power Electronics, vol. 28, pp. 3573–3580, July 2013 

 Requires 4 DC source 
 
 



Motivation For Research 

 Is it possible to generate multilevel dodecagonal & octadecagonal 
voltage space vector structures using a single DC source? 
 Single DC source: 

 Permits easy 4-quadrant operation 
 Reduces cost and size of the system 

 Multilevel operation brings: 
 Lower switching frequency operation 
 Improved voltage and current THD 
 Lower EMI concerns 
 Reduced filtering requirements 

 Dodecagonal & Octadecagonal structure brings: 
 Absence of low order harmonics in phase voltage 
 Improved linear modulation range 
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Multilevel Dod-VSVS Using a Single DC 
Source for an Open-End Winding IMD 

 A drive scheme for an open-end winding IM to generate a 
multilevel Dod-VSVS using a single DC source is proposed. 
 Obtaining a 2-level Dod-VSVS[1] 
 Obtaining a 2-level Dod-VSVS using a single DC source[2] 
 Obtaining a multilevel Dod-VSVS[3] using a single DC source 
 Power circuit topology 
 Dod-VSVS features 
 PWM scheme 
 Capacitor balancing 
 Implementation 
 Results 
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Multilevel Dod-VSVS Using a Single DC 
Source for an Open-End Winding IMD 
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Fig: Methods for generation of 2L dodecagonal VSVS 



Multilevel Dod-VSVS Using a Single DC 
Source for an Open-End Winding IMD 
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Fig: Generation of dodecagonal vector 
using single DC source 



Multilevel Dod-VSVS Using a Single DC 
Source for an Open-End Winding IMD 

 Obtaining a multilevel Dod-VSVS using a single DC source: 
 A 6-concentric Dod-VSVS is 

obtained from superposition of 
two 2L Dod-VSVS 

 DOD1:[0 ,1 ,2 , …,11 ,12] 
 DOD2:[0’,1’,2’,…,11’,12’] 
 Superposition example: 

 B1 = DOD1[1]+DOD2[0’] 
 D2 = DOD1[1]+DOD2[3’] 
 F1 = DOD1[1]+DOD2[1’] 
 and so on… 
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Fig: 6-concentric Dod-VSVS as superposition of 2 dodecagons 



Multilevel Dod-VSVS Using a Single DC 
Source for an Open-End Winding IMD 

 6-con Dod-VSVS as superposition of hexagons: 
 DOD1 is generated using 

HEX1_PRI & switched averaged 
vectors from HEX1_SEC 

 DOD2 is generated using 
HEX2_PRI & switched averaged 
vectors from HEX2_SEC 

 6-conc Dod-VSVS is obtained as 
superposition of DOD1 & DOD2 

 A 3L Hex-VSVS is a 
superposition of two 
2L Hex-VSVS 

 Hence, 6-conc Dod-VSVS is 
obtained from HEX_3L_PRI and  
switched averaged vectors from HEX_3L_SEC 
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Fig: 6-concentric Dod-VSVS as superposition hexagons 



Multilevel Dod-VSVS Using a Single DC 
Source for an Open-End Winding IMD 
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Fig: Power circuit topology for 6-con Dod-VSVS for open-end winding IMD 



Multilevel Dod-VSVS Using a Single DC 
Source for an Open-End Winding IMD 
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Fig: Topology for 6-con Dod-VSVS for open-end winding IM drive 

Fig: VSVS of 3L inverters 



Multilevel Dod-VSVS Using a Single DC 
Source for an Open-End Winding IMD 

 Raw VSVS: 
 Obtained by superposition 

of primary and secondary 
three-level hexagonal 
structures 

 Dodecagonal vectors 
are generated using 
vectors from 
primary inverter 
and pseudo vectors 
from secondary inverter 

 Pseudo vectors are 
generated by switched 
averaging of two vectors 
from secondary inverter 
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Fig: VSVS obtained by superposition of primary and 
secondary hexagons 



Multilevel Dod-VSVS Using a Single DC 
Source for an Open-End Winding IMD 
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Fig: Dodecagonal vector generation 



Multilevel Dod-VSVS Using a Single DC 
Source for an Open-End Winding IMD 
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Fig: Resultant 6-con Dod-VSVS 



Multilevel Dod-VSVS Using a Single DC 
Source for an Open-End Winding IMD 
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Fig: Reference vector example 



Multilevel Dod-VSVS Using a Single DC 
Source for an Open-End Winding IMD 
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Fig: PWM Scheme1 



Multilevel Dod-VSVS Using a Single DC 
Source for an Open-End Winding IMD 
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Fig: PWM Scheme2 Fig28: Vector switching in PWM Scheme2 



Multilevel Dod-VSVS Using a Single DC 
Source for an Open-End Winding IMD 
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Fig: FC voltage balancing 

Fig 
Current 

Dir. 

Sensed 
Capacitor 

Voltage 

Switches 
Turned ON 

Pole Voltage 

(a) + 

(b) - 

(c) - 

(d) + 

Table: FC voltage balancing 



Multilevel Dod-VSVS Using a Single DC 
Source for an Open-End Winding IMD 
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Fig: Secondary DC-link capacitor balancing 



Multilevel Dod-VSVS Using a Single DC 
Source for an Open-End Winding IMD 
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Multilevel Dod-VSVS Using a Single DC 
Source for an Open-End Winding IMD 
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Multilevel Dod-VSVS Using a Single DC 
Source for an Open-End Winding IMD 
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Fig: Secondary inverter capacitor current for 
state 210 



Multilevel Dod-VSVS Using a Single DC 
Source for an Open-End Winding IMD 
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Fig: Hardware implementation block diagram 



Multilevel Dod-VSVS Using a Single DC 
Source for an Open-End Winding IMD 

 Implementation: 
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Fig: Hardware implementation 



Multilevel Dod-VSVS Using a Single DC 
Source for an Open-End Winding IMD 

 Steady state results: 
 
 
 
 
 
 
 
 
 
 

 Higher frequency switching happens in secondary inverter at low voltage 
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Fig: Vdc=200V (1) Phase voltage, 50V/div, (2) Primary 
inverter pole voltage, 100V/div, (3) Secondary inverter 

pole voltage, 50V/div, (4) Current, 2A/div; X-axis: 
20mS/div 

Fig: Vdc=200V (1) Phase voltage, 100V/div, (2) Primary 
inverter pole voltage, 100V/div, (3) Secondary inverter 

pole voltage, 50V/div, (4) Current, 2A/div; X-axis: 
10mS/div 

10Hz (M=0.2) Operation – 48spc – PWM1 30Hz (M=0.6) Operation – 24spc – PWM1 



Multilevel Dod-VSVS Using a Single DC 
Source for an Open-End Winding IMD 

 Steady state results: 
 
 
 
 
 
 
 
 
 

 
 Primary inverter switches in quasi-square mode, switching losses are reduced 
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Fig: Vdc=200V (1) Phase voltage, 100V/div, (2) Primary 
inverter pole voltage, 100V/div, (3) Secondary inverter 

pole voltage, 50V/div, (4) Current, 2A/div; X-axis: 
10mS/div 

Fig: Vdc=200V (1) Phase voltage, 100V/div, (2) Primary 
inverter pole voltage, 100V/div, (3) Secondary inverter 

pole voltage, 50V/div, (4) Current, 2A/div; X-axis: 
5mS/div 

40Hz (M=0.8)Operation – 12spc – PWM2 45Hz (M=0.9)Operation – 12spc – PWM2 



Multilevel Dod-VSVS Using a Single DC 
Source for an Open-End Winding IMD 

 Steady state results: 
 
 
 
 
 
 
 
 
 
 Prim inverter pole voltage is square waveform in extreme overmodulation 
 No fundamental voltage contribution form secondary inverter 
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Fig: Vdc=200V (1) Phase voltage, 100V/div, (2) Primary 
inverter pole voltage, 100V/div, (3) Secondary inverter 

pole voltage, 50V/div, (4) Current, 2A/div; X-axis: 
10mS/div 

Fig: FFT of (a) primary inverter pole voltage; (b) 
secondary inverter pole voltage; (c) motor phase voltage; 

X-axis: Harmonic number; Y-axis: Voltage 

50Hz (M=1), 12 step mode – 12spc – PWM2 FFT - 50Hz (M=1)Operation – 12spc 



Multilevel Dod-VSVS Using a Single DC 
Source for an Open-End Winding IMD 

 Transient results: 
 
 
 
 
 
 
 
 
 
 Capacitor voltages reaches steady-state without the need of any pre-charging 

circuitry, voltage balancing happens inherently with the PWM 
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Fig: Vdc=200V (1) Phase voltage, 100V/div, (2) Sec flying 
cap, 50V/div, (3) Secondary DC-link, 50V/div, (4) Current, 

2A/div; X-axis: 1S/div 

Fig: Vdc=200V (1) Phase voltage, 100V/div, (2) Sec flying 
cap, 50V/div, (3) Secondary DC-link, 50V/div, (4) Current, 

2A/div; X-axis: 1S/div 

10-48Hz (M=0.2 to 0.96) Acceleration – 12spc Startup – 48Hz (M=0.96) 



Multilevel Dod-VSVS Using a Single DC 
Source for an Open-End Winding IMD 

 Transient results: 
 
 
 
 
 
 
 
 
 

 
 Controllers are disabled at point A and then re-enabled at point B 
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Fig: Vdc=200V (1) Phase voltage, 100V/div, (2) Sec flying 
cap, 20V/div, (3) Secondary DC-link, 50V/div, (4) Current, 

1A/div; X-axis: 2S/div 

Fig: (1) Phase voltage, 100V/div, (2) Pri flying cap, 
20V/div, (3) Sec flying cap, 20V/div, (4) Current, 2A/div; 

X-axis: 200mS/div 

Secondary DC-link Controller Testing Flying Cap Voltage Controller Testing 



Multilevel Dod-VSVS Using a Single DC 
Source for an Open-End Winding IMD 
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Multilevel Dod-VSVS Using a Single DC 
Source for a Star Connected IMD 

 A drive scheme for a star connected IM to generate a multilevel 
Dod-VSVS using a single DC source is proposed. 
 Power circuit topology 
 Dod-VSVS 
 Capacitor balancing 
 PWM Scheme 
 Implementation 
 Results 
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Multilevel Dod-VSVS Using a Single DC 
Source for a Star Connected IMD 
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Fig: Power circuit topology for 6-con Dod-VSVS for star 
connected IMD 



Multilevel Dod-VSVS Using a Single DC 
Source for a Star Connected IMD 
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Fig: VSVS of 3L FC & CHB 
inverters 



Multilevel Dod-VSVS Using a Single DC 
Source for a Star Connected IMD 

 Raw VSVS: 
 Obtained by superposition 

of primary and secondary 
three-level hexagonal 
structures 

 Dodecagonal vectors 
are generated using 
vectors from 
primary inverter 
and pseudo vectors 
from secondary inverter 

 Pseudo vectors are 
generated by switched 
averaging of vectors 
from secondary inverter 
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Fig: VSVS obtained by superposition of primary and 
secondary hexagons 



Multilevel Dod-VSVS Using a Single DC 
Source for a Star Connected IMD 
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Fig: Dodecagonal 
vector generation 



Multilevel Dod-VSVS Using a Single DC 
Source for a Star Connected IMD 
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Fig: Dodecagonal 
vector generation using 3 vector switching 



Multilevel Dod-VSVS Using a Single DC 
Source for a Star Connected IMD 
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Dodecagonal Vectors k values 

0, 2, 4, 6, 8, 10, 12 [1, 0, 0] 

1, 3, 5, 7, 9, 11, 13, 14, 15, 16, 
17, 18, 19, 20, 21, 22, 23, 24, 

25, 27, 29, 31, 33, 35 
[0.732, 0, 0.268] 

26, 28, 30, 32, 34, 36, 37, 38, 
39, 40, 41, 42, 43, 44, 45, 46, 
47, 48, 50, 52, 54, 56, 58, 60 

[0.464, 0.268, 0.268] 

49, 51, 53, 55, 57, 59, 61, 62, 
63, 64, 65, 66, 67, 68, 69, 70, 

71, 72 
[0.464, 0, 0.536] 

Table: k-value sets used for secondary inverter vector switching 



Multilevel Dod-VSVS Using a Single DC 
Source for a Star Connected IMD 
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Fig: Resultant 6-con Dod-VSVS 



Multilevel Dod-VSVS Using a Single DC 
Source for a Star Connected IMD 
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Fig: CHB inverter switching states, currents and effect on capacitor 



Multilevel Dod-VSVS Using a Single DC 
Source for a Star Connected IMD 
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Multilevel Dod-VSVS Using a Single DC 
Source for a Star Connected IMD 
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Multilevel Dod-VSVS Using a Single DC 
Source for a Star Connected IMD 
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Fig: Vectors used in capacitor balancing 



Multilevel Dod-VSVS Using a Single DC 
Source for a Star Connected IMD 
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Fig: CHB capacitor voltage controller 



Multilevel Dod-VSVS Using a Single DC 
Source for a Star Connected IMD 
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Multilevel Dod-VSVS Using a Single DC 
Source for a Star Connected IMD 
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Multilevel Dod-VSVS Using a Single DC 
Source for a Star Connected IMD 

 PWM Schemes: 
 Scheme2 
 1-0-2 sequence 
 Scheme2 is 

used at higher 
modulation 
indices 

 Results in 
quasi-square 
switching of 
primary inverter 
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Multilevel Dod-VSVS Using a Single DC 
Source for a Star Connected IMD 
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Fig: Hardware implementation block diagram 



Multilevel Dod-VSVS Using a Single DC 
Source for a Star Connected IMD 

 Implementation: 
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Fig: Hardware implementation 



Multilevel Dod-VSVS Using a Single DC 
Source for a Star Connected IMD 

 Steady state results: 
 
 
 
 
 
 
 
 
 
 

 Higher frequency switching happens in secondary inverter at low voltage 
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Fig: Vdc=200V (1) Phase voltage, 100V/div, (2) FC 
inverter pole voltage, 200V/div, (3) CHB inverter pole 

voltage, 100V/div, (4) Current, 1A/div; X-axis: 20mS/div 

10Hz (M=0.2)Operation – 48spc – PWM1 30Hz (M=0.6) Operation – 24spc – PWM1 

Fig: Vdc=200V (1) Phase voltage, 100V/div, (2) FC 
inverter pole voltage, 200V/div, (3) CHB inverter pole 

voltage, 100V/div, (4) Current, 1A/div; X-axis: 10mS/div 



Multilevel Dod-VSVS Using a Single DC 
Source for a Star Connected IMD 

 Steady state results: 
 
 
 
 
 
 
 
 
 

 
 Primary inverter switches in quasi-square mode, switching losses are reduced 
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40Hz (M=0.8) Operation – 24spc – PWM1 48Hz (M=0.96)Operation – 12spc – PWM2 

Fig: Vdc=200V (1) Phase voltage, 100V/div, (2) FC 
inverter pole voltage, 200V/div, (3) CHB inverter pole 

voltage, 100V/div, (4) Current, 1A/div; X-axis: 5mS/div 

Fig: Vdc=200V (1) Phase voltage, 100V/div, (2) FC 
inverter pole voltage, 200V/div, (3) CHB inverter pole 

voltage, 100V/div, (4) Current, 2A/div; X-axis: 5mS/div 



Multilevel Dod-VSVS Using a Single DC 
Source for a Star Connected IMD 

 Steady state results: 
 
 
 
 
 
 
 
 
 
 Primary inverter switches in square wave mode 
 No fundamental voltage contribution form INV2/CHB inverter 
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Fig: Vdc=200V (1) Phase voltage, 100V/div, (2) FC inverter 
pole voltage, 100V/div, (3) CHB inverter pole voltage, 

100V/div, (4) Current, 2A/div;  
Fig: FFT of (a) FC inverter pole voltage; (b) CHB inverter 

pole voltage; (c) motor phase voltage; 

50Hz (M=1), 12-step mode – 12spc – PWM2 FFT - 50Hz (M=1) Operation – 12spc 



Multilevel Dod-VSVS Using a Single DC 
Source for a Star Connected IMD 

 Transient results: 
 
 
 
 
 
 
 
 
 
 Capacitor voltages reaches steady-state without the need of any pre-charging 

circuitry, voltage balancing happens inherently with the PWM 
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Fig: Vdc=200V (1) Phase voltage, 100V/div, (2) Sec flying 
cap, 50V/div, (3) Secondary DC-link, 50V/div, (4) Current, 

2A/div; X-axis: 1S/div 

Fig: Vdc=200V (1) Phase voltage, 100V/div, (2) FC inverter 
flying cap, 100V/div, (3) CHB inverter floating cap, 50V/div, 

(4) Current, 5A/div; X-axis: 1S/div 

10-48Hz (M=0.2 to 0.96) Acceleration – 12spc Startup – 48Hz (M=0.96) 



Multilevel Dod-VSVS Using a Single DC 
Source for a Star Connected IMD 

 Transient results: 
 
 
 
 
 
 
 
 
 

 
 Controllers are disabled at point t1 and then re-enabled at point t2 
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Fig: Vdc=200V (1) Phase voltage, 100V/div, (2) FC 
inverter flying cap, 50V/div, (3) CHB inverter floating cap, 

20V/div, (4) Current, 1A/div; X-axis: 1S/div 

CHB Cap Voltage Controller Testing 



Multilevel Dod-VSVS Using a Single DC 
Source for a Star Connected IMD 
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Multilevel Oct-VSVS Using a Single DC 
Source for a Star Connected IMD 

 
 Oct-VSVS using single DC source 

 Two-level 
 Extension to multilevel 

 Topology 
 PWM scheme 
 Capacitor balancing & design 
 Implementation 
 Results 
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Multilevel Oct-VSVS Using a Single DC 
Source for a Star Connected IMD 

 Octadecagon Using Single DC Source: 
 Octadecagonal vectors generated in a switched-averaged sense 

 Two inverters, primary and secondary; two hexagons, primary and secondary 
 Pseudo vectors are generated from secondary hexagon to form octadecagonal 

vectors 

 Example 
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Multilevel Oct-VSVS Using a Single DC 
Source for a Star Connected IMD 
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 Octadecagon Using Single DC Source: 
 Octadecagonal vectors generated in a switched-averaged sense 

 Two inverters, primary and secondary; two hexagons, primary and secondary 
 Pseudo vectors are generated from secondary hexagon to form octadecagonal 

vectors 

 Example 
 Primary inverter applies vector OA 
 Secondary inverter 

generates pseudo vectors 
Vp18, Vp1, Vp2 

 V18 = OA + Vp18 
V1   = OA + Vp1 
V2   = OA + Vp2 
 

Fig: Octadecagonal Vector Generation 



Multilevel Oct-VSVS Using a Single DC 
Source for a Star Connected IMD 
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Fig: Octadecagonal Vector Generation 



Multilevel Oct-VSVS Using a Single DC 
Source for a Star Connected IMD 
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Fig: Octadecagonal Vector Generation 



 Octadecagon Using Single DC  
Source: 
 Requires two 2-level inverters 
 The structure is only 

a 2-level octadecagon 
 How to get a multilevel 

structure using single 
DC source? 
 Generate two 

independent  
octadecagons & take 
superposition of all vectors 

 162 active vectors forming a 
9-concentric octadecagonal 
structure is obtained 
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Fig: 2-level Octadecagon Generation 

Multilevel Oct-VSVS Using a Single DC 
Source for a Star Connected IMD 



 Superposition: 
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Fig: Superposition of two 2-level octadecagons 

Multilevel Oct-VSVS Using a Single DC 
Source for a Star Connected IMD 



 Superposition: 
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Fig: Superposition of two 2-level octadecagons 

Multilevel Oct-VSVS Using a Single DC 
Source for a Star Connected IMD 



 Superposition: 
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Fig: Superposition of two 2-level octadecagons 

Multilevel Oct-VSVS Using a Single DC 
Source for a Star Connected IMD 



 Superposition: 
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Fig: Superposition of two 2-level octadecagons 
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Multilevel Dod-VSVS Using a Single DC 
Source for an Open-End Winding IMD 

 Raw VSVS: 
 Obtained by superposition 

of primary and secondary 
three-level hexagonal 
structures 

 Octadecagonal vectors 
are generated using 
vectors from 
primary inverter 
and pseudo vectors 
from secondary inverter 

 Pseudo vectors are 
generated by switched 
averaging of vectors 
from secondary inverter 
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Fig: VSVS obtained by superposition 
of primary and secondary hexagons 



 Pseudo vectors: 
 Many k-value sets are obtained because of formation of new pseudo vectors 
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Multilevel Oct-VSVS Using a Single DC 
Source for a Star Connected IMD 

Octadecagonal Vectors 

1, 4, 7, 10, 13, 16, 38, 39, 41, 42, 44, 45, 47, 48, 50, 51, 53, 54, 73, 76, 79, 82, 85, 88 [0.759, 0, 0.241] 

2, 3, 5, 6, 8, 9, 11, 12, 14, 15, 17, 18 [0.653, 0, 0.347] 

19, 21, 22, 24, 25, 27, 28, 30, 31, 33, 34, 36, 55, 57, 58, 60, 61, 63, 64, 66, 67, 69, 70, 72 [0.653, 0.106, 0.241] 

20, 23, 26, 29, 32, 35 [1, 0, 0] 

37, 40, 43, 46, 49, 52 [0.894, 0, 0.106] 

56, 59, 62, 65, 68, 71, 91, 93, 94, 96, 97, 99, 100, 102, 103, 105, 106, 108, 128, 131, 134, 137, 140, 143 [0.518, 0.241, 0.241] 

74, 75, 77, 78, 80, 81, 83, 84, 86, 87, 89, 90, 110, 111, 113, 114, 116, 117, 119, 120, 122, 123, 125, 126 [0.759, 0.106, 0.135] 

92, 95, 98, 101, 104, 107 [0.788, 0.106, 0.106] 

127, 129, 130, 132, 133, 135, 136, 138, 139, 141, 142, 144,  [0.73, 0.135, 0.135] 

145, 148, 151, 154, 157, 160 [0.788, 0, 0.212] 

109, 112, 115, 118, 121, 124, 146, 147, 149, 150, 152, 153, 155, 156, 158, 159, 161, 162 [0.518, 0, 0.482] 

Table: k-value sets for secondary inverter vector switching 



 Superposition requires 2 octadecagons 
 Two 2-level hexagons generates one 

octadecagon 
 Two sets of two 2-level hexagons can 

generate two octadecagons 
 The 2-level hexagons get superposed 

to form 3-level hexagons 
 Hence two 3-level hexagons can generate 

a 9-concentric octadecagonal structure 
 Primary 3-level hexagon has 

vector length of Vdc 
 Secondary 3-level hexagon has vector length of 0.379Vdc 

 The inverter topology is realized by cascading a 3-level Flying 
Capacitor (FC) inverter with an H-bridge (CHB) 

26 April 2017 86 DESE, Indian Institute of Science, Bangalore, India 

Fig: Superposition of two 2-level octadecagons 

Multilevel Oct-VSVS Using a Single DC 
Source for a Star Connected IMD 
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Fig: Inverter Topology 
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Fig: PWM Switching sequence 
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Multilevel Oct-VSVS Using a Single DC 
Source for a Star Connected IMD 



 Capacitor Balancing 
 All such possibilities as considered and LUTs are created. LUTs contain: 

 k-values to be modified 
 Capacitor that could be controlled 
 Control sense 

 If an octadecagonal vector can control multiple capacitors, choice could be 
made according to: 
 Maximum deviated capacitor 
 Phase with maximum current 

 In this work, phase with maximum current is chosen 
 Allows fast correction of capacitor voltages 

 A “phase selection logic” does this job 
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Multilevel Oct-VSVS Using a Single DC 
Source for a Star Connected IMD 

Fig: Secondary inverter DC-link controller 



 Implementation 
 

 Rotor filed 
oriented vector 
control 

 Open loop 
V/f control 

 A shaft encoder 
is used to get 
rotor position 
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Multilevel Oct-VSVS Using a Single DC 
Source for a Star Connected IMD 

Fig: Implementation block diagram for multilevel octadecagonal IMD 



 Implementation 
 Rotor filed oriented vector control lock diagram 

26 April 2017 95 DESE, Indian Institute of Science, Bangalore, India 

Multilevel Oct-VSVS Using a Single DC 
Source for a Star Connected IMD 

Fig: FOC implementation block diagram 



 Steady state results: 
 
 
 
 
 
 
 
 
 
 

 Higher frequency switching happens in secondary inverter at low voltage 
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Multilevel Oct-VSVS Using a Single DC 
Source for a Star Connected IMD 

Fig: Vdc=200V (1) Phase voltage, 100V/div, (2) FC 
inverter pole voltage, 200V/div, (3) CHB inverter pole 

voltage, 50V/div, (4) Current, 1A/div; X-axis: 20mS/div 

18Hz (M=0.36)Operation – 72spc – PWM1 

Fig: Vdc=200V (1) Phase voltage, 100V/div, (2) FC 
inverter pole voltage, 200V/div, (3) CHB inverter pole 

voltage, 50V/div, (4) Current, 1A/div; X-axis: 10mS/div 

30Hz (M=0.6) Operation – 36spc – PWM1 



 Steady state results: 
 
 
 
 
 
 
 
 
 
 

 Primary inverter switches in quasi-square mode, switching losses are reduced 
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Multilevel Oct-VSVS Using a Single DC 
Source for a Star Connected IMD 

Fig: Vdc=200V (1) Phase voltage, 100V/div, (2) FC 
inverter pole voltage, 200V/div, (3) CHB inverter pole 
voltage, 50V/div, (4) Current, 1A/div; X-axis: 5mS/div 

40Hz (M=0.8) Operation – 18spc – PWM2 

Fig: Vdc=200V (1) Phase voltage, 100V/div, (2) FC 
inverter pole voltage, 200V/div, (3) CHB inverter pole 
voltage, 50V/div, (4) Current, 1A/div; X-axis: 5mS/div 

49Hz (M=0.98)Operation – 18spc – PWM2 



 Steady state results: 
 
 
 
 
 
 
 
 
 

 Primary inverter switches in square wave mode 
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Multilevel Oct-VSVS Using a Single DC 
Source for a Star Connected IMD 

Fig: Vdc=200V (1) Phase voltage, 100V/div, (2) FC 
inverter pole voltage, 200V/div, (3) CHB inverter pole 
voltage, 50V/div, (4) Current, 1A/div; X-axis: 5mS/div 

Fig: Vdc=200V (1) Pole voltage, 100V/div, (2) FC inverter 
capacitor ripple, 1V/div, (3) CHB inverter capacitor ripple, 

5V/div, (4) Current, 2A/div; X-axis: 5mS/div 

50Hz (M=1), 18 step mode – 18spc – PWM2 
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Multilevel Oct-VSVS Using a Single DC 
Source for a Star Connected IMD 

Fig: Harmonic spectrum of inverter voltages for 18 step operation 



 Transient operations: 
 
 
 
 
 
 
 
 
 
 

 Capacitor voltages settle and stay at nominal values at end of startup 
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Multilevel Oct-VSVS Using a Single DC 
Source for a Star Connected IMD 

Speed Reversal using FOC Startup from Vdc = 0 to 200V 

Fig: (1) Phase voltage, 200V/div, (2) FC inverter capacitor 
voltage, 100V/div, (3) CHB inverter capacitor voltage, 

50V/div, (4) Current, 5A/div; X-axis: 1s/div 

Fig: (1) Phase voltage,  200V/div, (2) Rotor flux angle, (3) 
Phase current, 5A/div, (4) Rotor speed, -47Hz to +47Hz; 

X-axis: 1s/div 



 Transient operations: 
 
 
 
 
 
 
 
 
 

 Capacitor voltages stay at nominal values 
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Multilevel Oct-VSVS Using a Single DC 
Source for a Star Connected IMD 

Fig: (1) Rotor mag current, 0.75A, (2) Isq, 1.5A step, (3) 
Phase current, 5A/div, (4) Rotor speed, -47Hz to +47Hz; 

X-axis: 1s/div 

Speed Reversal using FOC 

Fig: (1) FC inverter capacitor,  200V/div(2) CHB inverter 
capacitor, 200V/div, (3) Phase current, 5A/div, (4) Rotor 

speed, -47Hz to +47Hz; X-axis: 1s/div 
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Multilevel Oct-VSVS Using a Single DC 
Source for a Star Connected IMD 



 IMD schemes with six-concentric-dodecagonal & nine-concentric 
octadecagonal voltage space vector structures are proposed 

 Following are the features 
 Single DC source requirement 

 Reduces system cost & permits easy four-quadrant operation 
 Low order harmonics are eliminated 

 Low order torque ripple is avoided 
 Requirement of filters are avoided or relaxed 

 Multilevel operation brings: 
 Low THD phase voltage due to multilevel operation 
 Low dv/dt output 

 A secondary inverter operating at low voltage functions as a harmonic filter 
 Quasi-square waveform switching from primary inverter controls losses 
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