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 This paper presents a step-wise modelling of a symmetrical six-phase 

induction machine driven by a six-phase diode clamped multi-level inverter 

at a varying rotor resistance and motor inertia. The machine drive process 

was considered in two stages. The first stage presents the dynamic behavior 

of the machine when a load torque of 0 Nm and 100 Nm is applied at a 

varied rotor external resistance value of (0.8 and 3.2) Ω with constant motor 

inertia. The second stage showcased the variations in the speed, 

electromagnetic torque and rotor current when motor inertia is varied at  

0.5 Kg-m2 and 1.5 Kg-m2 with rotor resistance held constant. A six-phase 

five-level diode clamped converter phase displaced by sixty degrees with a 

modulation index of 0.8 was modeled to drive the poly-phase machine at a 

reduced %THD. All machine models were simulated in MATLAB 7.11. The 

simulation results showed that reduced oscillations in rotor current, motor 

speed and torque pulsations were achieved at a varied external rotor 

resistance and motor inertia. 
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1. INTRODUCTION  

Induction machines are widely used in various areas and a vast range of energy conversion 

processes. Its applications can be found in low-power domestic devices to large industrial drives applications. 

These industrial applications may include ship propulsion, traction applications and electric vehicles 

operations [1]. At present, induction generators are particularly used in small and isolated power plants based 

on wind turbines or hydroelectric generators [2]–[4]. However, the power electronics developments, in 

conjunction with control theories, have spurred researchers to conduct substantial work on emergent 

applications relevant to asynchronous machines. Amongst the new emergent challenges, multiphase 

induction machines are considered the most promising solution for renewable energy applications [5]. 

Multiphase drives possess some advantageous features as compared to the conventional three-phase drives 

which include reduction in the amplitude of torque pulsation, better fault tolerance, higher efficiency, lower 

current ripple or reduction in the rotor harmonic current and the ease to split certain magnitude of power into 

multiple phases to reduce the power stress per phase [6], [7]. This power splitting enhances the proper use of 

the devices of less rating in case of moderate power application process [7]. The multiphase induction 

machine used in electric vehicles was studied in [8]. Though, no emphasis was made on the adjustable speed 

drives using a multilevel multiphase power converter source. Matrix converter as reported in [9] was used to 

drive a six-phase induction motor. This report though exhaustive did not highlight the comparative advantage 
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of applying a higher-order multilevel converter in regulating the speed and torque of the machine at a varied 

rotor resistance and inertia. A work presented in [10], only considered the transient analysis model of 

induction motor with winding faults without recourse to the rotor current corrective measures with an 

injected rotor resistance. Renukadevi and Rajambal [11] developed a generalized model of multiphase 

induction motor with symmetrical winding displacement operation but the emphasis on the power converter 

control was not detailed. The use of a multiphase induction machine was proposed in [12], while the control 

of a five-phase induction motor using space vector modulation was discussed in [13]. These reviewed papers 

considered the high-performance back-stepping control strategy. Similarly, Mandal [14] considered the 

induction motor as an RL load having an improved power factor achieved by inserting a variable capacitor 

through a bridge converter which is adjusted for a unity value. These technical reports considered the steady-

state characteristic behavior of the machine with a phase limitation of three. Therefore, no consideration of 

the speed and torque pulsation when operated with a higher-level power electronic converter at a varied load 

was discussed. This paper, in consideration of the above-reviewed journals, presents a complete dynamic 

model of a six-phase squirrel cage induction machine controlled by a six-phase multilevel diode clamped 

converter which is phase displaced by 60°. The carrier-based sinusoidal pulse width modulation was applied 

in the generation of the firing or gating signals of the converter switches at a switching frequency of 5 kHz. 

The choice of this frequency was to attenuate the effect of lower-order harmonics infiltrating into the 

machine. The developed model simulated in MATLAB/Simulink environment showed the characteristics 

performance of the machine under varied rotor resistance and motor inertia with a load torque of 0 Nm and 

100 Nm. 

 

 

2. METHOD: MODELLING OF THE SIX-PHASE SQUIRREL CAGE INDUCTION MACHINE 

To develop the DQ model of the induction machine, some standard conditions were considered 

which include ensuring that the air gap between the windings was made uniform with the windings 

sinusoidally distributed around the air gap. The core loss and the magnetic saturation of the core were all 

neglected. The friction and windage losses in the system were also neglected to ensure the ideal condition of 

operation [15]. Since the stator winding was separated into two identical three-phase winding sets as shown 

in Figures 1 and 2, the usual Park's transformation can be applied to each three-phase set separately. 

Adopting the usual simplification, the voltage equations of the machine without rotor external resistance 

were represented by (1) to (6) in a synchronously rotating reference frame [16]. To enhance the reduction in 

high starting current of the machine due to the high slip value during starting period, an externally applied 

resistance is injected into the rotor terminal as shown in Figure 2. Thus, the rotor voltage equation under this 

condition changes to (7) to (8): 

 

𝑉𝑞𝑠1 = 𝑟𝑠𝑖𝑞𝑠1 + 𝑝𝜆𝑞𝑠1 + 𝜔𝜆𝑑𝑠1      (1) 

 

𝑉𝑑𝑠1 = 𝑟𝑠𝑖𝑑𝑠1 + 𝑝𝜆𝑑𝑠1 − 𝜔𝜆𝑞𝑠1      (2) 

 

𝑉𝑞𝑠2 = 𝑟𝑠𝑖𝑞𝑠2 + 𝑝𝜆𝑞𝑠2 + 𝜔𝜆𝑑𝑠2 (3) 

 

𝑉𝑑𝑠2 = 𝑟𝑠𝑖𝑑𝑠2 + 𝑝𝜆𝑑𝑠2 − 𝜔𝜆𝑞𝑠2   (4) 

 

𝑉𝑞𝑟
′ = 0 = 𝑟𝑟

′𝑖𝑞𝑟
′ + 𝑝𝜆𝑞𝑟

′ + (𝜔 − 𝜔𝑟)𝜆𝑑𝑟
′         (5) 

 

𝑉𝑑𝑟
′ = 0 = 𝑟𝑟

′𝑖𝑑𝑟
′ + 𝑝𝜆𝑑𝑟

′ − (𝜔 − 𝜔𝑟)𝜆𝑞𝑟
′        (6) 

 

where ρ =
d

dt
.  

 

𝑉𝑞𝑟
′ = 0 = (𝑟𝑟

′ + 𝑟𝑒𝑥𝑡
′ )𝑖𝑞𝑟

′ + 𝑝𝜆𝑞𝑟
′ + (𝜔 − 𝜔𝑟)𝜆𝑑𝑟

′       

 (7) 

 

𝑉𝑑𝑟
′ = 0 = (𝑟𝑟

′ + 𝑟𝑒𝑥𝑡
′ )𝑖𝑑𝑟

′ + 𝑝𝜆𝑑𝑟
′ + (𝜔 − 𝜔𝑟)𝜆𝑞𝑟

′         (8) 

 

The flux linkage equations were derived from Figures 1 and 2 with the actual equations presented in 

(9) to (14). 

 

𝜆𝑞𝑠1 = 𝐿𝑙𝑠𝑖𝑞𝑠1 + 𝐿𝑙𝑚(𝑖𝑞𝑠1 + 𝑖𝑞𝑠2) + 𝐿𝑚(𝑖𝑞𝑠1 + 𝑖𝑞𝑠2 + 𝑖𝑞𝑟
′ )     (9) 
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𝜆𝑑𝑠1 = 𝐿𝑙𝑠𝑖𝑑𝑠1 + 𝐿𝑙𝑚(𝑖𝑑𝑠1 + 𝑖𝑑𝑠2) + 𝐿𝑚(𝑖𝑑𝑠1 + 𝑖𝑑𝑠2 + 𝑖𝑑𝑟
′ )  (10) 

 

𝜆𝑞𝑠2 = 𝐿𝑙𝑠𝑖𝑞𝑠2 + 𝐿𝑙𝑚(𝑖𝑞𝑠1 + 𝑖𝑞𝑠2) + 𝐿𝑚(𝑖𝑞𝑠1 + 𝑖𝑞𝑠2 + 𝑖𝑞𝑟
′ )  (11) 

 

𝜆𝑑𝑠2 = 𝐿𝑙𝑠𝑖𝑑𝑠2 + 𝐿𝑙𝑚(𝑖𝑑𝑠1 + 𝑖𝑑𝑠2) + 𝐿𝑚(𝑖𝑑𝑠1 + 𝑖𝑑𝑠2 + 𝑖𝑑𝑟
′ )  (12) 

 

λ𝑞𝑟
′ = 𝐿𝑙𝑟

′ 𝑖𝑞𝑟
′ + 𝐿𝑚(𝑖𝑞𝑠1 + 𝑖𝑞𝑠2 + 𝑖𝑞𝑟

′ )               (13) 

 

λ𝑑𝑟
′ = 𝐿𝑙𝑟

′ 𝑖𝑑𝑟
′ + 𝐿𝑚(𝑖𝑑𝑠1 + 𝑖𝑑𝑠2 + 𝑖𝑑𝑟

′ )   (14) 

 

For ease in computer simulation, (1) to (14) were solved and arranged in state space and also represented in 

matrix form in (15) and (16). 

 

[
 
 
 
 
 
 
 
 
 
 
𝐴11𝐴12𝐴13𝐴14𝐴15𝐴16

𝐴21𝐴22𝐴23𝐴24𝐴25𝐴26

𝐴31𝐴32𝐴33𝐴34𝐴35𝐴36

𝐴41𝐴42𝐴43𝐴44𝐴45𝐴46

𝐴51𝐴52𝐴53𝐴54𝐴55𝐴56

𝐴61𝐴62𝐴63𝐴64𝐴65𝐴66]
 
 
 
 
 
 
 
 
 
 

×

[
 
 
 
 
 
 
 
 
 
 
 
𝑑iqs1

𝑑𝑡

𝑑ids1

𝑑𝑡

𝑑iqs2

𝑑𝑡

𝑑ids2

𝑑𝑡

𝑑iqr
′

𝑑𝑡

𝑑idr
′

𝑑𝑡 ]
 
 
 
 
 
 
 
 
 
 
 

=

[
 
 
 
 
 
 
 
 
 
 
F11

F22

F33

F44

F55

F66]
 
 
 
 
 
 
 
 
 
 

  (15) 

 

[
 
 
 
 
 
 
 
 
 
 
 
𝑑iqs1

𝑑𝑡

𝑑ids1

𝑑𝑡

𝑑iqs2

𝑑𝑡

𝑑ids2

𝑑𝑡

𝑑iqr
′

𝑑𝑡

𝑑idr
′

𝑑𝑡 ]
 
 
 
 
 
 
 
 
 
 
 

=

[
 
 
 
 
 
 
 
 
 
 
𝐴11𝐴12𝐴13𝐴14𝐴15𝐴16

𝐴21𝐴22𝐴23𝐴24𝐴25𝐴26

𝐴31𝐴32𝐴33𝐴34𝐴35𝐴36

𝐴41𝐴42𝐴43𝐴44𝐴45𝐴46

𝐴51𝐴52𝐴53𝐴54𝐴55𝐴56

𝐴61𝐴62𝐴63𝐴64𝐴65𝐴66]
 
 
 
 
 
 
 
 
 
 
−1

[
 
 
 
 
 
 
 
 
 
 
F11

F22

F33

F44

F55

F66]
 
 
 
 
 
 
 
 
 
 

  (16) 

 

where: 𝐴11 = 𝐿𝐿𝑠 + 𝐿Lm + 𝐿𝑚, 𝐴12 = LLm + 𝐿m, 𝐴13 = 𝐴14 = 0, 𝐴15 = L𝑚, 𝐴16 = 0, 𝐴21 = 𝐴22 = 0, 

𝐴23 = LLs + LLm + Lm, 𝐴24 = LLm + Lm, 𝐴25 = 0, 𝐴26 = Lm, 𝐴31 = LLm + Lm,  𝐴32 = LLs + LLm + Lm, 

𝐴33 = 𝐴34 = 0, 𝐴35 = Lm, 𝐴36 = 0, 𝐴41 = 0, 𝐴42 = 0, 𝐴43 = LLm + Lm, 𝐴44 = LLs + LLm + Lm, 

 𝐴45 = 0, 𝐴46 = Lm, 𝐴51 = 𝐴52 = Lm, 𝐴53 = 𝐴54 = 0,  𝐴55 = LLr
′ + Lm, 𝐴56 = 0, 𝐴61 = 𝐴62 = 0,  

𝐴63 = Lm, 𝐴64 = LLm + Lm, 𝐴65 = 0, 𝐴66 = LLr

′ + Lm.  

 

Similarly, 

 

F11 = 𝑉𝑞𝑠1 − 𝑟𝑠𝑖𝑞𝑠1 − 𝜔𝑖𝑑𝑠1(𝐿𝐿𝑠 + 𝐿Lm + 𝐿𝑚) − 𝜔𝑖𝑑𝑠2(𝐿Lm + 𝐿𝑚) − 𝜔 𝑖𝑑𝑟
′ 𝐿𝑚,  

F22 = 𝑉𝑑𝑠1 − 𝑟𝑠𝑖𝑑𝑠1 + 𝜔𝑖𝑞𝑠1(𝐿𝐿𝑠 + 𝐿Lm + 𝐿𝑚) + 𝜔𝑖𝑞2(𝐿Lm + 𝐿𝑚) + 𝜔 𝑖𝑞𝑟
′ 𝐿𝑚,  

F33 = 𝑉𝑞𝑠2 − 𝑟𝑠𝑖𝑞𝑠2 − 𝜔𝑖𝑑𝑠2(𝐿𝐿𝑠 + 𝐿Lm + 𝐿𝑚) − 𝜔𝑖𝑑𝑠1(𝐿Lm + 𝐿𝑚) − 𝜔 𝑖𝑑𝑟
′ 𝐿𝑚 ,  

F44 = 𝑉𝑑𝑠2 − 𝑟𝑠𝑖𝑑𝑠2 + 𝜔𝑖𝑞𝑠2(𝐿𝐿𝑠 + 𝐿Lm + 𝐿𝑚) + 𝜔𝑖𝑞1(𝐿Lm + 𝐿𝑚) + 𝜔 𝑖𝑞𝑟
′ 𝐿𝑚,  

F55 = 𝑉𝑞𝑟
′ − 𝑟𝑟

′𝑖𝑞𝑟
′ − (𝜔 − 𝜔𝑟)𝑖𝑑𝑠1𝐿𝑚 − (𝜔 − 𝜔𝑟)𝑖𝑑𝑠2𝐿𝑚 − (𝜔 − 𝜔𝑟)𝑖𝑞𝑠1𝐿𝑚 − (𝜔 − 𝜔𝑟) 𝑖𝑑𝑟

′ (𝐿𝐿𝑟
′ + 𝐿𝑚),  

F66 = 𝑉𝑑𝑟
′ − 𝑟𝑟

′𝑖𝑑𝑟
′ + (𝜔 − 𝜔𝑟)𝑖𝑞𝑠1𝐿𝑚 + (𝜔 − 𝜔𝑟)𝑖𝑞𝑠2𝐿𝑚 + (𝜔 − 𝜔𝑟)𝑖𝑑𝑠1𝐿𝑚 + (𝜔 − 𝜔𝑟) 𝑖𝑞𝑟

′ (𝐿𝐿𝑟
′ + 𝐿𝑚),  

 

The electromagnetic torque in terms of flux linkage and current was presented in (17). 

 

𝑇𝑒  = (
3

2
) (

𝑃

2
) (

𝐿𝑚

𝐿𝑙𝑟
′ ) [ѱdr

′ (𝑖𝑞𝑠1 + 𝑖𝑞𝑠2) − ѱqr
′ (𝑖𝑑𝑠1 + 𝑖𝑑𝑠2)]  (17) 
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The rotor speed equation in terms of torque was represented in (18). 

 

𝜔𝑟  =
1

𝐽𝑟
∫(𝑇𝑒 − 𝑇𝐿)𝑑𝑡     (18) 

 

 

 
 

Figure 1. Per phase equivalent circuits of six-phase induction motor without external rotor resistance 

 

 

 
 

Figure 2. Per phase equivalent circuits of six phase induction motor with external rotor resistance 

 

 

Jr is moment of inertia in Kgm2, Te is electromagnetic torque in Nm. 𝜔𝑟 is motor speed in radian per 

Sec. It is necessary to note that the concept of the multilevel converter was conceived with a three-level 

inverter by Baker [17], and Nabae et al [18]. Meynard and Foch in mid-1990 introduced a flying capacitor 

multi-level converters (FCC) inverter which is considered as another modification of multilevel inverter 

topology [19]. The basis of this inverter was the usage of capacitors as the source of supply to the inverter. 

The switching states in FCC inverter are similar to the NPC inverter. A multilevel converter, as reported in 

[20], has many attractive features including generation of output voltage with low harmonic distortions, 

production of smaller common-mode voltage that reduces the stress in the bearings of AC machines and 

operation at both fundamental switching frequency and high carrier frequency pulse width modulation. A 

multilevel converter application involving higher power may require multiphase systems to reduce the stress 

encountered on the switching devices. Generally, an increased number of switching devices increases the 

number of voltage levels whereas, in the multiphase converter, the number of phases of the converter in 

addition to the voltage level is increased [21]. The reports presented in [22]–[24] showed the possibilities of 

designing a machine with more than three phases and the increasing investigation on the modulation control 
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of multiphase multilevel inverters. These reports though limited to five-phase was able to show the 

significance of the multiphase converter in the speed control of induction motor. Recently, conventional 

three-level five-phase inverters are employed for a five-phase, single motor drive [25], and five-phase dual 

motor drives [26]. It is observed that a large number of space vectors are generated due to the highly complex 

power circuit topology of the dual three-level inverters. The developed PWM schemes for three-level, five-

phase inverters pose real-time implementation challenges due to the limited capability of the signal 

processors. The proposed six-phase multilevel diode clamped converter for this research paper is presented in 

Figure 3. This is a modification of the basic three-phase five-level diode clamped converter topology reported 

in reference [27]. Conventionally, a multiphase multilevel converter is always phase displaced by an angle 

theta represented by (19).  

 

𝜃 =
360  

𝑁
 (19)  

 

The PWM modulation techniques applied in this work for inverter simulations are referenced in [28]–[30]. 
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Figure 3. Equivalent circuit diagram of six phase multilevel diode clamped converter 

 

 

3. RESULTS AND DISCUSSION 

Simulation of a six-phase multi-level converter-controlled six-phase induction machine with a rotor 

injected external resistance at a varying load torque was carried out in MATLAB/Simulink. The waveforms 

of the electromagnetic torque, motor speed and rotor current which correspond to the changes in the applied 

load torque at varied rotor resistance and inertia are presented in Figures 4 to 14. In Figure 4, it is shown that 

the dq-axes stator current at a rotor resistance value of 3.2 Ω attains a steady-state at 0.25second as against 

0.75 second achieved with 0.8 Ω rotor resistance with reduced oscillation. Similarly, in Figure 5, the dq-axes 

rotor current attains steady states at different simulation period of 0.23 second and 1.05 second for a rotor 

resistance value of 3.2 Ω. More so, with a rotor resistance value of 0.8 Ω, steady-state is attained at  

0.805 second and 1.1 second with a pronounced oscillation. In Figure 6, it is shown that the overshoot, 

settling time and rise time are reduced when the rotor resistance is set to 3.2 Ω. At a simulation period of  

1.0 second with an applied load torque of 100 Nm, a change in speed is achieved for the rotor resistance 

values of 0.8 Ω and 3.2 Ω. In Figure 7, the transient response in the electromechanical torque is high with  

0.8 Ω rotor resistance. Though a rise in the value of the electromechanical torque is observed at 1.0 second 

due to an applied load torque of 100 Nm, the rate of torque pulsation is reduced as the rotor resistance is 

increased to 3.2 Ω. In Figure 8, a plot of torque against speed showed that the curl shape tends to diminish 

with 3.2 Ω. This indicates that the steady-state is achieved at a faster rate with 3.2 Ω than when 0.8 Ω is 

applied. Therefore, when J=0.5 Kgm2 dq-axes stator current attains a steady-state condition at 0.5 second and 
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also 1.0 second when the moment of inertia (J) is increased to 1.5 Kgm2. In Figure 9, when the inertia  

J=1.5 Kgm2 the transient period of oscillation for the dq-axes rotor current is increased to 1.0 second before 

attaining steady-state condition. Also, when J=0.5 Kgm2, the transient period is reduced and a steady-state 

condition is attained at a shorter period of 0.5 second. In Figure 10, it is observed that when J=0.5 Kgm2, 

torque pulsation is reduced. Steady-state for the electromechanical torque is attained at 0.55 second until a 

load torque of 100 Nm is applied at a simulation period of 1.0 second after which a rise in the 

electromechanical torque is obtained at 1.15 second. In like manner, when the moment of inertia is increased 

to J=1.5 Kgm2, the rate of torque pulsation is increased. At a period of 1.0 second with the application of  

100 Nm load torque, a fall in the electromechanical torque is observed which rises after a simulation period 

of 1.15 second and attains a steady state. In Figure 11, it is observed that the rise time and the rate of 

overshoot are achieved in a shorter period with J=0.5 Kgm2. When a load of 100 Nm is applied, a drop in 

speed is obtained at 1.0 second which maintains a steady-state after 1.15 second. In Figure 12, a plot of 

torque against speed indicates that the rate of transient is more pronounced when J=1.5 Kgm2 and less when 

J=0.5 Kgm2. Figures 13 and 14 represent the stepped waveforms of the six-phase multi-level converter 

voltage with the corresponding values of total harmonic distortion. It is shown in these figures that the output 

voltage waveforms have the same amplitude with a successive phase displacement of 60° and a close-range 

in %THD. The phase and line voltages for the six-phase output are depicted in Figure 15. 

 

 

  
 

Figure 4. A plot of dq-axes stator current at resistance values of 0.8 Ω and 3.2 Ω 

 

 

  
 

Figure 5. A plot of dq-axes rotor current at resistance values of 0.8 Ω and 3.2 Ω 



                ISSN: 2088-8708 

Int J Elec & Comp Eng, Vol. 12, No. 5, October 2022: 4808-4819 

4814 

  
 

Figure 6. A plot of motor speed at resistance values of 0.8 Ω and 3.2 Ω 

 

 

  
 

Figure 7. A plot of electromechanical torque at resistance values of 0.8 Ω and 3.2 Ω 

 

 

  
 

Figure 8. A plot of Tem (Nm) against ωr (Rad/Sec) at resistance values of 0.8 Ω and 3.2 Ω 
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Figure 9. A plot of dq-axes rotor current at moment of inertia J=0.5 KgM2 and 1.5 KgM2 

 

 

  
 

Figure 10. A plot of electromechanical torque at moment of inertia J=0.5 KgM2 and 1.5 KgM2 

 

 

  
 

Figure 11. A plot of motor speed at moment of inertia J=0.5 KgM2 and 1.5 KgM2 
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Figure 12. Electromechanical torque against speed at moment of inertia J=0.5 KgM2 and 1.5 KgM2 

 

 

 
 

Figure 13. A plot of phase A voltage with %THD 

 

 

 
 

Figure 14. A plot of phase B voltage with %THD 
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Figure 15. A plot of the phase and line-line voltages for the six-phase FCC 

 

 

4. CONCLUSION  

The simulation results portrayed the characteristics of a polyphase squirrel cage induction motor 

driven by a multi-level diode clamped converter. The dynamic performances of the machine under an applied 

load torque of 0 to 100 Nm were analyzed. At no load (0 Nm), the motor runs at a speed of 320 radian/second 

which is above the synchronous speed value of 314.2 radian per second for a two-pole machine as shown in 

Figure 6. When loaded at 100 Nm, the machine speed reduced from 320 radian per second to 310.1 radian 

per second which is below the synchronous speed also shown in Figures 11 and 12. A reduction in the 

amplitude of torque pulsation and the transient response was also observed on varying the rotor resistance 

and motor inertia. The flexibility in the adjustable motor drive performance was made possible with the 60° 

phase displaced six-phase multilevel diode clamped converter supply. This multilevel converter ensured that 

variable speed control is obtained from the adjustable frequency switching pattern of the pulse-width 
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modulated inverter at a modulation index of 0.8. Hence, the complete dynamic model of a six-phase squirrel 

cage induction machine controlled by a six-phase multilevel diode clamped converter which is phase 

displaced by 60° can be recommended for a practical validation in the future work for industrial use due to its 

operational efficiency. 
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