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Abstract
Modern industrial applications deal with power conversion system with lesser harmonic content for variable voltage and

variable frequency application. In this paper, a generalized multilevel inverter has been proposed with nearest level

modulation technique. A nine-level asymmetrical inverter of 5 kW has been developed as laboratory prototype and tested

with three-phase isolated winding induction motor of rating 1 HP, 200 V, 50 Hz. Unlike any other control technique, the

output voltage levels remain fixed at different modulation indexes using nearest level modulation technique, thereby

reducing the harmonic content, switching losses and total harmonic distortion. In this paper, a DC–DC converter stage is

used to control the DC link voltage of inverter for variable speed application. AC link system (a multiwinding transformer–

rectifier) and a closed-loop voltage control technique are used to obtain multiple variable DC voltage sources. A single DC

source is used for constant V/f control and frequency control of induction motor, i.e. isolated or open-end winding at above

base speed as well as below base speeds. Simulation results of phase voltage of stator terminal, phase current of stator

terminal, speed and torque are shown at different speeds. The experimental results of output voltages at different speeds for

constant V/f control and frequency control are recorded as well. The experiment is carried out at different stator voltages (or

stator frequencies) below and above the rated speed, and a few experimental results are presented. The numbers of inverter

voltage levels are always same, and hence, their total harmonic distortion also remains nearly constant at different speeds

of operation.

Keywords Multilevel inverter � Nearest level modulation strategy � Induction motor drive � Variable DC link voltage �
DC–DC power conversion

1 Introduction

In the late 1990s, gate-commutated thyristors and high-

power IGBTs (insulated-gate bipolar transistors) became

popular amongst the power switching devices (Lai and

Peng 1996; Rodrı́guez et al. 2002; Bhuvaneswari and

Nagaraju 2005), and IGCTs (integrated gate-commutated

thyristors) are now extensively used in various applications

in drives for medium-voltage control (Mahato et al. 2014),

industrial motor control in traction system, chemical

industry and oil industry due to ease of gate control,

snubberless operation, superior switching characteristics

and reduced power losses (Krug et al. 2007). The main

objective of the multilevel converter is to synthesize a

sinusoidal voltage of several levels obtained from capacitor

voltage sources (Wen and Smedley 2008). As the number

of levels increases, total harmonic distortion (THD) in the

output voltage waveform is reduced, resulting in less

switching losses (Al-Othman and Abdelhamid 2009). The

multilevel voltage source inverters (VSIs) have recently

been used in many industrial, subway applications (Dixon

and Morán 2005) and also employed in power quality

improvement including HVDC, AC power supplies, static

VAR compensators, STATCOM (Sudheer and Prasad

2014), drive systems and renewable energy sources (Abu-

rub et al. 2010; Rodrı́guez et al. 2007, 2009). Basic mul-

tilevel inverter is classified as: (1) diode clamped, (2) flying
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capacitor and (3) cascaded inverter topologies (Malek-

jamshidi et al. 2014; Franquelo et al. 2008).

Cascaded multilevel converters have (Cheng et al. 2006;

Babaei and Moeinian 2010) advantages in terms of capa-

bility of fault tolerant, modular structure, minimum number

of components and reliability (Lezana and Ortiz 2009;

Banaei and Salary 2011). A multilevel cascaded H-bridge

(CHB) structure is based on a series connection of several

single-phase H-bridge inverters also called cells. The three

multilevel converter structures (Rodrı́guez et al. 2009) such

as cascaded H-bridge, neutral point clamped (NPC) and

flying capacitor (FC) are capable of generating multilevel

output, but they are symmetrical topologies as they are fed

by equal DC sources (Colak et al. 2011). Asymmetrical

multilevel inverter (MLI) is a modification of existing

cascaded H-bridge structure that has advantages mainly in

two manners (Hosseinzadeh et al. 2013; Ruiz-Caballero

et al. 2009). Firstly, the DC input to asymmetrical multi-

level inverter cells is not symmetrical but scaled in some

particular ratio (Vazquez et al. 2009). Secondly, all the

cells are not equally stressed in terms of power distribution.

Some cells carry high power and others low power. Use of

hybrid component structure such as IGCTs for high-power

cells (generating low-frequency pulses) and IGBTs for

lower-power cells (generating high-frequency pulses) is

required for economical design (Lu et al. 2010; Rech and

Pinheiro 2007). Also, the switching losses can be mini-

mized in asymmetrical multilevel inverters as compared to

conventional multilevel inverters by using appropriate

PWM method.

An asymmetrical MLI for motor drive (open-end

winding IM) system using a high-frequency AC link sys-

tem (HFL) is presented in Dixon et al. (2010). In (Boby

et al. 2016), SVPWM-based MLI for open-end winding IM

is proposed to eliminate harmonics voltage (fifth and sev-

enth) for whole modulation range. In conventional V/f

control, voltage (stator) is controlled by controlling the DC

link voltage at the inverter stage rather than by controlling

the DC link voltage at converter stage unlike variable speed

induction motor (IM) drives applications like traction

drives. However, the fundamental frequency of the inverter

can be controlled by the suitable modulation at the inverter

stage (Pramanick et al. 2015; Edpuganti and Rathore 2015;

Sudharshan et al. 2015). In Chowdhury et al. (2016), a

multilevel converter using V/f operation for IM (open-end

winding) drive has been presented where floating capacitor

bank (half the DC link voltage) using redundant switching

states is used to produce the output voltage levels.

Various PWM control strategies such as carrier-based

PWM (McGrath and Holmes 2002; Naderi and Rahmati

2008), dual reference phase shifted PWM (Jana et al.

2016), space vector pulse width modulation (SVPWM)

technique (Jana and Biswas 2015), selective harmonic

elimination (SHE) (Dahidah et al. 2015), synchronous

optimal pulse width modulation (Rathore and Edpuganti

2015) and Nearest level control (NLC) has been reported.

Nearest level control is a frequently used modulation

technique that has been proposed for power distribution in

hybrid multicell converter (Perez et al. 2007) used in

higher-power, high-level inverter applications (Li et al.

2016; Xiong et al. 2016; Hu and Jiang 2015). NLC has due

advantages over SHE as it does not require calculating the

firing angles, thus making calculations easier. In SVPWM

technique, determining all redundant switching states and

the appropriate switching sequences is the most difficult

task in comparison with the analysis of NLC as elaborated

in Deng and Harley (2015). In Son et al. (2012) and

Meshram and Borghate (2015), a round-based nearest level

control (NLC) method is demonstrated where the nearest

output voltage levels are obtained by converting to the

desired output voltage reference and therefore the switch-

ing states of inverter are also generated simultaneously.

In this paper, the proposed inverter keeps the entire

number of voltage levels for all output voltage amplitude,

if the input power source is variable. As no DC source is

inherently variable in nature. So the chopper is introduced

in the scheme to make the DC source variable. However,

the system can also work with variable PWM; but in this

case, the nearest level modulation (comparison based or

algorithm based) produces voltage levels with distortion

and therefore the DC supply is made variable. A novel

control scheme called nearest level modulation (NLM) is

proposed to realize a nine-level cascaded multilevel con-

verter topology with only a single DC source, and the

output voltage step is generated by synthesizing the volt-

ages of both the bridges, i.e. MAIN H-bridge and the

auxiliary H-bridge, whereas the switching states are sepa-

rately generated for both the bridges, i.e. MAIN H-bridge

and the auxiliary H-bridge.

2 Principle and Operation

For variable speed operation, the stator voltage (Vs) can be

varied in proportion to the inverter frequency (fs) so that

the stator flux remains constant using the constant V/

f technique. In order to develop enough torque for the

induction motor at low-speed operation (Luo et al. 2006), a

closed-loop slip speed estimation-based methodology is

used. In conventional V/f control techniques, the voltage

and frequency are controlled at the inverter stage using a

pulse width modulation (PWM) technique (Luo et al. 2006;

Wang and Fang 2003). However, in the proposed modu-

lation technique, the voltage is controlled through a DC–

DC converter stage and the frequency can be varied at the

inverter stage using the nearest level modulation strategy,
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and the overall block diagram of the proposed methodol-

ogy for V/f scalar control of induction motor drive is shown

in Fig. 1.

At the stator terminals of the three-phase induction

motor, the three-phase voltages and currents can be sensed

and can be converted to rotating d–q axis components. This

allows the decoupling of the stator current into two parts,

responsible for flux and torque components. With the

known values of torque and stator current in the rotor-

oriented frame, the slip speed can be estimated (Wang and

Fang 2003) which is further added to the reference speed

command to generate the synchronous speed. The gain of

the proportional integral (PI) controller is so adjusted that

the actual DC link voltage (VDC) equals the DC link

command voltage (VDC*) and hence the desired stator

voltage can be achieved. For variable speed application,

using the above V/f control, a DC link voltage control

technique at the DC–DC converter stage is proposed in this

paper. The command voltage of the DC–DC converter

(VDC*) proportional to the stator frequency (fs) can be used

for the closed-loop voltage control. On the other hand, for

obtaining the variable frequency operation, the angle

command (he) can be obtained from the synchronous speed

signal (xe), to generate the three-phase sinusoidal refer-

ence signals of unity magnitude for a nine-level asym-

metrical inverter. In this proposed asymmetrical MLI

configuration, the induction motor should have isolated

winding (IW) or open windings as indicated by six lines in

the stator terminals as shown in Fig. 1.

The Aux H-bridges operate at low power maximally

16.67% of full drive load. The component list to config-

ure the AC link system contains only one multiwinding

transformer, a square wave inverter and some bridge rec-

tifiers made with simple fast recovery diodes. For the

asymmetrical operation of inverter, the ratio of transformer

primary and secondary windings is kept as 3:1. The MAIN

inverter is fed directly by the adjustable DC supply (VDC or

3Vdc), and all the Aux bridges are fed through transformer

with reduced amplitude of DC voltage (Vdc). This way, all

H-bridges are fed from the adjustable DC supply, and the

output voltage is modified by changing the voltage of this

DC supply.

2.1 AC Link System

Another main block of power circuit is AC link system. An

AC link system, as illustrated in Fig. 2, mainly consists of

an H-bridge inverter (square wave generator) and a mul-

tiwinding transformer and some fast operating diodes for

rectification purpose. The whole modification is done to

keep main DC supply to one only. All the Aux bridges

(total three) are fed through AC link system as shown in

Fig. 2. The variable DC supply after chopper is fed to

square wave inverter which converts DC into AC. The

square wave inverter is made to operate on fix duty cycle
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Fig. 1 Overall block diagram for proposed V/f control technique for the scalar control of induction motor with constant levels of the inverter
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PWM pulses at very high frequency. The output of this

inverter is square wave AC output.

The AC square wave output is fed to the primary side of

transformer where the primary and secondary turn ratios of

the transformer are kept in scale of three, i.e. 3:1. All the

secondary windings maintain the ratio of 3:1. So the output

of secondary is also square waves with reduced amplitude

of Vdc. Each of these square AC voltages is rectified using

simple diode bridges. A simple diode rectifier owes its own

unique benefit of absent control circuitry. This will also

keep the relation 3:1 at the corresponding DC link volt-

ages, avoiding additional voltage distortion when

adjustable DC source is modified.

2.2 Nearest Level Modulation Strategy

The DC voltage of each inverter ‘‘n’’ is defined by Vdcn ¼
mnVdc where Vdc is a base DC link voltage and mn is its

asymmetry factor. Each inverter n is capable of generating

three output voltage levels þmnVdc, 0 and �mnVdc. The

total number of output voltage levels, L ¼ 2N þ 1,

N ¼
PNcell

n¼1 mn. When the symmetry is trinary,

mn ¼ 3mn � 1, the number of levels is maximum and is

given by L ¼ 3Ncell .

Figure 3a shows the output voltage level for a two-cell

hybrid converter with trinary symmetry m1 ¼ 3; m2 ¼ 1

where the total number of levels, L ¼ 9, has been studied.

Considering the MAIN inverter with the higher DC link

voltage (3Vdc), the voltage reference is the original mod-

ulating signal.

Vr1 ¼ m sinðxtÞ:

Comparing the reference signal with the constant value

of K1 and K2 generates the switching pattern of the main

and auxiliary inverter given by K1 ¼ m1

2N
; K2 ¼ m2

2N
:

Then, the switching pattern for the MAIN and Aux

inverter is given by the complete algorithm for each ‘‘n’’

inverter cells as

Vrn ¼
m sinðxtÞ n ¼ 1

Vrðn�1Þ � 2Kðn�1ÞSðn�1Þ n[ 1

( )

where Kn ¼
mn

2N

Sn ¼ ðVrn [KnÞ � ðVrn\� KnÞ:

Nearest level modulation for n level is depicted in

Fig. 3a, and the formation of nine levels in a phase of load

voltage with fundamental voltage waveform is shown in

Fig. 3b along with the indication of the load voltage across

inverter, main inverter cell and auxiliary inverter cell.

2.3 Proposed Open-Loop V/f Control of IM Based
on Stator Decoupled Current

Compared with the superior but complex control, i.e.

vector control of induction motor, V/f control is simple and

low cost. For low-frequency range of application, the V/

f control is not that successful and performance is also not

good due to its stator resistance voltage drop and insuffi-

cient rotor slip to develop enough torque to drive the

motor. A compensation methodology is presented in order

to develop enough torque to start the motor with rated load

torque at very low frequency (Sudharshan et al. 2015). All

the estimations are done in rotor-flux-oriented frame.

2.3.1 Flux Estimator

The flux estimator calculates the estimated values of stator

flux components values working along with direct axis and

quadrature axis as depicted in Eq. (1). In order to find the

flux components, i.e. Ws
ds;W

s
qs, the equations can be written

as follows:

Ws
ds ¼

R
vsds � Rsi

s
ds

� �
dt

Ws
qs ¼

R
vsqs � Rsi

s
qs

� �
dt

)

: ð1Þ

After, the stator flux and currents are calculated in stator

reference frame; the motor developed electromagnetic

torque shown in Eq. (2) can be estimated as,

Te ¼
3

2

� �

np Ws
dsi

s
qs �Ws

qsi
s
ds

� �
; ð2Þ

where np = number of poles of machine and Rs = stator

resistance.
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transformer

126 Iran J Sci Technol Trans Electr Eng (2019) 43:123–135

123



2.3.2 Slip Speed Estimator

The slip of an induction machine is the difference between

its synchronous speed and rotor speed. At standstill, the

slip is 100%, and at the rated frequency, it can be generally

2–5%. To develop the torque by an induction machine, it

needs to generate the slip. As the synchronous frequency

becomes smaller in the low-speed region, the slip cannot be

neglected and needs to be compensated adequately;

otherwise, the motor will not be able to develop the suf-

ficient torque to drive the load. The slip xsl is estimated

from the motor torque, Te. The estimation is done in rotor-

flux-oriented frame. The torque and the slip are related as

shown in Eq. (3).

Te ¼
np

Rr

� �

irds
� �2

L2mxsl; ð3Þ

where Lm = magnetizing inductance, Rr = rotor resistance

and the slip speed xsl can be estimated in Eq. (4):

xsl ¼
TeRr

npL2m irds
� �2 : ð4Þ

In order to implement Eq. (4), the stator current in rotor-

flux-oriented frame must be known. In the decoupling

control action, the stator current is decoupled in flux and

torque component in rotor-flux-oriented frame. For this, the

stator current in stator reference frame is converted into

rotor-flux-oriented frame. This is done with the help of

vector relational operator (vector rotator (VR) or unit

vector). It is defined by ejh: The vector rotator converts the

rotating frame variables into stationary frame variables,

and cos h and sin h are the Cartesian components of unit

vectors. The e�jh is defined as inverter vector rotator

(VR-1) that converts stationary frame variables into

rotating frame variables. The angle h is the angle

associated with the reference frame into which the con-

version is being made. Here, in this case, the stationary

frame variables are converted to rotating frame variables,

and the sine and cosine of the rotor-flux-oriented frame can

be obtained by Eq. (5) as follows:

cos hWr
¼ Ws

dr

cWr

sin hWr
¼

Ws
qr

cWr

9
>>>=

>>>;

; ð5Þ

where

Ws
dr ¼

Lr

Lm
Ws

ds � rLsi
s
ds

� �
Lr ¼ rotor inductance,

Ws
qr ¼

Lr

Lm
Ws

qs � rLsi
s
qs

� �
;

cWr ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Ws
dr

� �2þ Ws
qr

� �2
r

:

Now, with the help of Park transformation, the flux and

torque component of stator current in rotor-flux-oriented

frame can be obtained as shown in Eqs. (6) and (7):

irds ¼ isds cos hWr
þ isqs sin hWr

; ð6Þ

irqs ¼ �isds sin hWr
þ isqs cos hWr

: ð7Þ

Thus, from the above estimations, the electromagnetic

torque, Te, and the flux component of stator current, irds, are

obtained. So, with the help of Eq. (4), the slip speed xsl can

be found. The block diagram for slip speed estimation is

shown in Fig. 4.

The motor stator terminals three-phase voltages and

currents are sensed and, through Clark’s transformation,

converted into stationary two-axis components, i.e. direct

axis and quadrature axis (dq axis). The torque is estimated
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Fig. 3 a Nearest level modulation technique. b Voltage waveforms and fundamental voltages at each H-bridge
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from Eq. (2). With the help of Park transformation, the

stator current in stationary reference frame is converted

into rotor-flux-oriented frame variables. This allows the

decoupling of stator current into two parts, responsible for

flux and torque components. With the known values of

torque and stator current in rotor-oriented frame, the slip

speed is estimated which in turn further added to reference

speed command to generate synchronous speed. In the next

process, the V/f control is applied to generate three-phase

sinusoidal reference signals for nine-level asymmetrical

inverter. For the scheme to run successfully with proposed

asymmetrical inverter structure, the induction motor should

have isolated winding (IW) or open-end windings.

3 Simulation and Experimental Results

The simulation results are produced using MATLAB 7.10

(2008a) in co-simulation with PSIM7.05 for modelling the

isolated winding (IW) induction motor. The solver discrete

(with no continuous states) with fixed step solver type

along with 40 ls fixed step size is chosen in MATLAB/

SIMULINK configuration parameter. The control

scheme comprising stator flux estimation, motor torque

estimation, stationary frame variable to rotary frame vari-

able conversion, slip speed estimation, open-loop constant

V/f control and three-phase reference signal generation and

nearest level control modulation strategy is simulated in

MATLAB software.

To fulfil the requirement of variable DC link voltages

(3Vdc and Vdc) for MAIN and AUX inverters, input supply

to the DC–DC converter (Vs) is considered as 200 V with

carrier frequency as 12 kHz and the DC supply voltage (Vs)

is adjusted through the DC–DC converter. Hardware set-up

of 5 kW, nine-level asymmetrical MLI is built for labora-

tory purpose to drive an IM (three phases) of rating 1 HP,

200 V, 50 Hz. Simulation and experimental parameters

along with the component specifications are mentioned in

‘‘Appendix’’.

In Fig. 5, the speed command is kept at xref ¼ 100 RPM

(3.33 Hz). In Fig. 5a, b, the voltage and current waveforms

are still distorted, but in voltage waveform, the nine-level
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sd sqψψ ,

rψθ dri
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Fig. 4 Slip speed estimation block diagram
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Fig. 5 Simulation results at 100 RPM: a stator terminal one-phase voltage. b Stator one-phase current. c Stator dq-axis flux. d Speed
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Fig. 7 Simulation results at 1000 RPM: a stator terminal one-phase voltage. b Stator one-phase current. c Speed. d Torque
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Fig. 9 Simulation results at speed 2200 RPM: a stator R-phase voltage. b R-phase current. c Speed. d Torque at 1 Nm
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output voltage can be counted easily. The ripples in speed

are much less in the range of 3–5 RPM as shown in Fig. 5c,

d. The stator dq-axis fluxes are 0.75 Wb and frequency

changes as per the input speed command.

In Fig. 6, simulation results are recorded for the speed

command of xref ¼ 500 RPM (16.67 Hz). Figure 6a, b

clearly depicts that the voltage and current waveforms are

improved, respectively. Figure 6c shows that after some

speed transients, the rotor speed almost becomes ripples

free. The torque waveform also contains lesser ripples as

shown in Fig. 6d.

Figure 7 shows the simulated waveforms at xref ¼ 1000

RPM (33.33 Hz). In Fig. 7c, there is an almost negligible

overshoot in the speed waveform and it is almost ripple

free. The stator terminal R-phase voltage and current

waveforms are non-comparably improved and are almost

sinusoidal, varying as shown in Fig. 7a, b. The torque

waveform with lesser ripples is also shown in the last in

Fig. 7d.

It can be stated from Figs. 5, 6 and 7 that, except the

low-speed command up to 35–30 Hz, the transient condi-

tions for the waveforms recorded are good and for all the

speed command from 1 to 50 Hz, the motor runs very

smoothly during steady-state period. All the waveforms

have values well within the safe limits. The simulation

results are shown for the induction motor at different speed

commands from very low speed, i.e. 100 RPM (3.33 Hz) to

base speed 1000 RPM (33.33 Hz), but through the pro-

posed control scheme, the motor can be driven well beyond

the base speed.

Figure 8 presents the simulation results for the motor

speed above rated speed command. The reference speed,

this time, is set to xref ¼ 1800 RPM (60 Hz). It is clear

from the well-known fact that from zero speed up to base

speed, motor is controlled under constant V/f control mode

which means up to base speed, motor flux remains con-

stant. But, above base speed, the applied voltage to motor

is limited to rated value and only frequency is varied fur-

ther, which brings motor to flux-weakening mode. In

Fig. 8a, the voltage becomes constant at rated value but its

frequency is changed according to the speed command.

The current waveform is shown in Fig. 8b. The motor takes

up to 1 s time to follow the command speed but with a

different speed other than command speed due to the

Fig. 10 Experimental results for only frequency control at below base speed: a 100 RPM. b 500 RPM and at above base speed: c 1600 RPM.

d 1800 RPM
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application of constant load torque (2Nm) as explained

earlier and is depicted in Fig. 8c. Again as depicted in

Fig. 8d, the torque waveform has the ripples within the

range of ? 1 to - 1 Nm.

In Fig. 9, the motor is given a speed command of xref ¼
2200 RPM (73.33 Hz) with an application of load torque of

1Nm. As the motor flux weakens more, it takes more time

(approximately 2.5 s) to develop the speed. With the

application of continuous torque of 1Nm, the motor does

not follow the commanded speed exactly. The motor ter-

minal voltage is fixed at rated value as in Fig. 9a at higher

frequency as decided by the command speed. Current is

well within the safe limits as in Fig. 9b. In Fig. 9c, the

speed curve has a dip during the starting period. This is

because of the application of load torque from the very start

to motor and motor needs enough time to develop the

sufficient slip to drive the load. Once it develops the suf-

ficient torque due to production of sufficient slip, it builds

the full speed as ordered by command speed. The torque

waveform shown in Fig. 9d still has the ripples in the range

of 0–2Nm.

For only frequency control, the motor terminal voltage

is kept fixed and does not change at different speed com-

mands. This type of control provides a wide range of speed

control of induction motor, but this mode of operation

leads motor into flux-weakening mode. In Fig. 10a–d, the

results are shown for only frequency control speed com-

mand at below base speed (100 and 500 RPM) as well as

Fig. 11 Experimental results for constant V/f control at below base speed: a 100 RPM. b 500 RPM and at above base speed: c 1800 RPM. d 2500

RPM

Fig. 12 Complete circuit test bench in laboratory
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above base speed (1600 and 1800 RPM), respectively. In

all the voltage waveforms for the different speed com-

mands, the number of voltage levels remains constant and

therefore the nine levels in output voltage are distinctly

visible.

For constant V/f control, the motor flux is constant from

low-speed region up to rated speed as the V/f ratio is

maintained constant. This helps the motor to develop the

rated torque at each speed up to base speed. Beyond the

base speed, voltage is restricted to rated value and only the

frequency is varied. Above rated speed, the motor operates

in flux-weakening mode. Experimental results for constant

V/f control at below base speed (100 and 500 RPM) as well

as above base speed (1800 and 2500 RPM) is shown in

Fig. 11a–d, respectively.

In Fig. 12, the complete inverter hardware set-up driv-

ing the 1 HP induction motor load is shown. The input to

the inverter is given through the power rectifier module

which takes the three-phase AC mains as the input. An auto

transformer is inserted between the AC mains and rectifier

to supply the controlled DC to the inverter. Figure 13

shows the experimental result of proposed nine-level

inverter current at a motor speed of 800 RPM. Three-phase

stator current at 800 RPM (frequency is 25.5 Hz) is mea-

sured and analysed so that the stator currents are nearly

balanced and sinusoidal in nature. Figure 14 shows the

simulation results of output phase voltage along with total

harmonic distortion (%THD) at different speeds of:

(a) 3000 RPM, (b) 1500 RPM, (c) 1000 RPM and (d) 800

RPM using V/f control. It is easily observed that the

number of inverter output voltage levels remained the same

along with %THD of approximately 9% irrespective of the

reference magnitude of the voltage or the speed.

Fig. 13 Experimental result of proposed nine-level inverter current at

a motor speed of 800 RPM. Current A/L1: X scale = 40 ms/Div;

Y scale = 5 A/Div; maximum = 3.22 A; minimum = -3.09 A. Cur-

rent B/L2: X scale = 40 ms/Div; Y scale = 5 A/Div; maxi-

mum = 3.22 A; minimum = -3.09 A. Current C/L3:

X scale = 40 ms/Div; Y scale = 5 A/Div; maximum = 3.22 A; min-

imum = -3.09 A. Cursor values of current A/L1: X1 = 20 ms;

X2 = 59.8 ms; dX = 39.8 ms. Y1 = -0.32 A; Y2 = -0.55 A;

Dy = -0.23 A
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Fig. 14 Simulation results of

phase voltage of proposed nine-

level inverter using V/f control

of induction motor at various

speeds of: a 3000 RPM, b 1500

RPM, c 1000 RPM, d 800 RPM

Iran J Sci Technol Trans Electr Eng (2019) 43:123–135 133

123



4 Conclusion

Cascaded nine-level inverter having different values of input

DC voltage source is designed for laboratory prototype. DC–

DC converter is employed to achieve constant output voltage

levels and harmonics, and nearest levelmodulation strategy is

presentedwhere inverter frequency is varied to control theDC

linkvoltage irrespective of reference voltages. It is understood

that from zero to base speed, motor can be controlled under

constantV/f control mode and themotor flux remains constant

up to base speed, whereas at above base speed, motor can be

controlled under only frequency control and motor runs in

flux-weakening mode. The simulation results are shown for

the induction motor at different speed commands from very

low speed, i.e. 100 RPM (3.33 Hz) to base speed 1000 RPM

(33.33 Hz). It is worth mentioning from the results obtained

from simulation and experimental test bench that at different

speeds (above base speed as well as below base speed), the

isolated winding or open-end winding induction motor can be

driven well with constant voltage level and harmonics with a

THD of approximately 9%.

Appendix

See Table 1.
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