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Abstract— The application of PWM voltages using two level high
voltage inverters to a squirrel cage induction motor (SQIM) can
cause high bearing currents, heating of rotor shaft, voltage spike
across the motor terminals, etc. The increase in the number of
steps of the motor voltage and hence decreasing the dv/dt applied
to the machine terminals can be a solution to this problem. The
existing topologies that generate this multi-step voltage include
cascading of a number of single-phase inverters or use of higher
order multi-level inverters. In this paper a topology with series
connection of three phase three-level inverters is proposed that
addresses the problems of medium voltage drives. The design of
the inverter topology and its various PWM techniques are
presented in the paper. This inverter topology and its control are
verified on a 7.5 hp squirrel cage induction motor (SQIM) drive.
Experimental results validate the steady-state and dynamic
performances of the drive.
Keywords- Medium voltage ac drives, Multi-level converter
topologies

NOMENCLATURE
Ls , Lr Stator and rotor self inductances referred to the stator
L0
Magnetizing inductance
σ s , σ r Stator and rotor leakage factors
σ
Total leakage factor
Rs , Rr Stator and rotor resistances referred to stator
P
Number of poles of the motor
Vsd , Vsq d-axis and q-axis stator voltages
Vrd , Vrq d-axis and q-axis rotor voltages

ε
Angle between stator and rotor axes
ρmr , ρ r Rotor flux angle with respect to stator and rotor axis
G
G
ψ rsα ,ψ rs β α-β axis rotor flux in stationary reference frame
I.
INTRODUCTION
In normal squirrel cage induction motor (SQIM) drive, the
motor normally is fed with pulse width modulated (PWM)
voltages which cause high bearing currents (due to dv/dt) and
heating of rotor shaft [1, 14]. In certain applications, shaft
voltages [1] can cause direct damage, e.g., sparks in a
hazardous environment, and are very undesirable. This is a

matter of big concern for variable speed medium voltage drives
where the voltage levels are very high. The above problem can
be resolved by applying variable voltage with low dv/dt. By
increasing the number of steps of the motor voltage like multicell technologies [2, 3], the gravity of this problem can be
reduced. The proposed topology of series connected threelevel inverters increases the number of steps in the applied
voltage and hence decreasing the dv/dt applied to the machine
terminals.
Similar voltage profiles can also be obtained by using
higher order neutral point clamped (NPC) multi-level inverters
[4, 5] or by cascading a number of two level inverters [2, 3].
But, the multi-level NPC inverters suffer from dc bus
imbalance [11-13], device underutilization problems and
unequal ratings of the clamped diodes, etc [5, 6] which are not
so serious problems for the inverters with three-level or below.
The capacitor voltage imbalance for five-level are presented in
[11-13] which suggest the need of extra hardware in the form
of dc choppers or a back to back connection of multilevel
converters. The cascaded H-bridge topology [2-4] suffers from
the drawbacks of usage of huge dc bus capacitors and complex
input transformers for isolated dc bus for each module. These
drawbacks are addressed in the proposed topology.
Furthermore, the power circuit is modular in structure and
hence the number of modules to be connected in series depends
on the power of the drive.
In this paper, the proposed topology and its various PWM
control strategies are experimentally validated on a vector
controlled squirrel cage induction motor drive [8-10]. It has
two three-level inverters connected in series and drives the
motor.
II. POWER CONVERTER TOPOLOGY
The proposed general configuration of ‘n’ number of threelevel inverters connected in series is shown in figure 1. Each
inverter module is a three-phase neutral point clamped (NPC)
three-level inverter. At the output stage, transformers are used
to have the series connection of three-level inverters as shown
in figure 1. If ‘Vdc’ is the dc bus voltage of each inverter
module, ‘α’ is the turns ratio of each transformer, and ‘n’ is the
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number of inverter modules then for sine PWM strategy, the
motor rms phase voltage ( VPh _ motor ) can be expressed as
follows.
rms of VPh _ motor = 3α mn

Vdc

(1)
2 2
where m is the modulation index of the inverter topology
defined as follows.
m=

peak of V ph _ inverter
V
n dc
2

(2)

V ph _ inverter is the total phase voltage reference of the

inverter

topology.

For

given

peak

of

VPh _ motor

,

peak of V ph _ inverter can be computed as below.
peak of V ph _ inverter =

peak of V ph _ motor

(3)

3α
The generation of individual reference voltage signal of each
inverter is discussed as follows.
The gate pulses for each three-level inverter module can be
derived using two carrier signals. Thus, ‘n’ numbers of such
three-level inverter modules require ‘2n’ number of carriers [6,
7]. The three-phase voltage reference signals are then
compared with these carrier waves to produce the gate pulses
for the inverters. For example, the carrier waves and the
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sinusoidal modulating voltage signal (SPWM technique) for Rphase is shown in figure 2 for 4 numbers of series connected
three-level inverters. The carrier waves 1 and 1/ (figure 2) with
R-phase voltage reference controls the inverter module 1.
Similarly, 2-2/, 3-3/, and 4-4/ carrier waves with R-phase
voltage reference generate the gate pulses for the three-level
inverter modules 2, 3, and 4 respectively. Thus each inverter
module produces the voltage proportional to a part of the
reference phase voltage signals. It is important to note that no
two three-level inverter modules switch simultaneously (figure
2). Thus, the maximum dv/dt rate of the output voltage of this
topology is limited to that of a single three-level inverter
module (figure 5). The references of each inverter are shown in
figure 3. The corresponding output line voltages of each
inverter are shown in figure 4. The four windings, one from
each transformer, are connected in series and produced the net
R-phase voltage as shown in figure 5. Similarly, the other two
phase voltages are generated.
The line voltage spectrums of individual inverters are
presented in figure 4 for switching frequency of 2.5 kHz. These
line voltages get added to produce the net phase voltage of the
topology. The voltage spectrums are expressed as a percentage
of the maximum total fundamental ( V peak ) that can be
produced by the topology.

Rectifier

DC
Bus

3-level
Module 1

Rectifier

DC
Bus

3-level
Module 2

Rectifier

DC
Bus

3-level
Module n

Output
Transformer

SQIM

Fig.1. Block diagram of three phase three-level inverter modules connected in series driving a SQIM
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V peak = 2 *VPh _ motor

(4)

or, V peak = 2078.5 V for Vdc = 600 V, n = 4, α = 1 and m
= 1 using equation (1). Hence the spectrums show the
percentage share of the fundamental of each inverter module.
These spectrums also suggest that the line voltages of all
these inverters contain additional small amount of 5th, 7th,
11th, 13th, and higher order harmonics besides the normal
switching harmonics. However, the net phase voltage and
line voltage of this topology do not contain any of these
harmonics as suggested by the spectrums shown in figure 5.
These harmonics get canceled when the line voltages of the
individual inverters are added by the transformers to produce
the net phase voltages.

Fig.4. Simulated line voltage and harmonic spectrum
of inverter 1, inverter 2, inverter 3 and inverter 4
when four inverters are connected in series with sine
PWM technique for Vdc = 600V, α = 1 and m = 1
Fig.2. The carrier waves and the sinusoidal modulating
voltage signal for R-phase in sine PWM (SPWM)
technique

Fig.3. Generation of modulating voltage signal for Rphase of each of the four inverters in series for sine
PWM strategy

Fig.5. Simulated phase voltage when four inverters
are connected in series with sine PWM technique for
fsw = 2.5 kHz, Vdc = 600 V, α = 1 and m = 1
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III. DESIGN OF INVERTER MODULES
The general configuration of a sensorless squirrel cage
induction motor drive with ‘n’ number of 3-phase voltage
source modules connected in series is shown in figure 1.
Each voltage source module consists of a three-phase diode
rectifier, a dc bus, a three-phase three-level NPC inverter and
a three-phase transformer. In this section, design guidelines
are presented for each module to drive a motor of voltage
and current ratings Vs and I s respectively.
A. Design of transformer and inverter for each module
The primary side of each 3-phase transformer is
chosen as delta connected while the secondary side is kept
open for the series connection between the modules.
Normally, the dc bus voltage (Vdc) of each module is chosen
such that the standard IGBT module (say, 1400V IGBT,
300A) can be used. Similarly, the current rating (Iinv) of each
inverter module is chosen. Now, the current required on the
motor side of the transformer is I s . Then the current drawn
from the inverter is I s *α * 3 and must be equal to Iinv.
Here, α is the transformer turns ratio defined as follows.
number of transformer phaseturns on the motor side
α=
number of transformer phase turns on the inverter side
(5)
Thus, the turns ratio of the transformer (α ) is obtained as
below.
I
α = inv
(6)
3 * Is
For n number of modules, the maximum line
α *n
voltage, this topology can produce, is 3 *Vdc
2
assuming space vector PWM strategy. This voltage must
match the required motor line voltage Vs . Thus, the number
of modules n can be selected as below.
2 *Vs
2 *Vs * I s
=
n=
(7)
Vdc * I inv
3 * α *Vdc
At maximum modulation index in the linear
modulation zone, all the modules share the net fundamental
output voltages almost equally. Additionally, all the
modules also have some amount of 5th, 7th, and higher order
voltage harmonics besides very small amount of switching
harmonics. These voltage harmonics must be taken care of
while designing the standard transformer for each module.
However, all the module currents and hence the transformer
currents remain almost sinusoidal.
B. Selection of DC Bus Capacitor for Each Module
In single phase inverters the dc bus carries second
harmonic currents in addition to the switching currents. So
the size of the capacitors increases when single phase
inverters are used in cascaded H-bridge topology [2]. Since
the proposed drive has three-phase inverter at the output

stage the low frequency (second harmonic) ripple in the
capacitor will not be present. So, the size of the capacitor
will be relatively small in the case of the proposed topology.
IV. SQIM DRIVE USING PROPOSED CONVERTER
The general configuration of a sensorless squirrel cage
induction motor drive with ‘n’ number of neutral point
clamped (NPC) three-level inverter is shown in figure 1. All
the three-level inverters, connected in series, drive the motor
and share the load.
A. Rotor-Flux Oriented Squirrel Cage Induction Motor
In this topology the stator leakage inductance value has
to be modified to incorporate the leakage inductance of the
output transformers ( LlT ). Also the effective stator
resistance changes due to the presence of transformer
winding resistances ( RlT ). By neglecting the magnetizing
branch of the inverter transformer, the equivalent circuit of
the transformer is a simple R-L circuit as shown in figure 6.
Thus the modified values of the stator leakages are as
follows.

σ L/s = σ Ls + LlT

(8)
Rs/ = Rs + RlT
Hence the modified dynamical equations of the SQIM
voltages and currents in d-q plane are presented as follows.
di
dψ r
1
(9)
Vsd = Rs/ isd + σ L/s sd − σ L/sωmr isq +
(1 + σ r ) dt
dt
Vsq = Rs/ isq + σ L/s

disq
dt

+ σ L/s ωmr isd +

ψ r ωmr
(1 + σ r )

(10)

G
Here, the d-axis is aligned with the rotor flux vector (ψ r )
[10, 16]. The rotor flux vector in stationary coordinates
G
(ψ rs ) is expressed in terms of stator flux as
G
G
L G
ψ rs = r {ψ s − σ Ls is }
(11)
L0
G
G
The stator flux ψ s is estimated from stator voltage Vs as
below.
G
G
G
G
ψ s = (Vs − Rs is − ωcψ s )
(12)

³

The problem integration at low frequency is tackled by
replacing the pure integration of stator voltage with a lowpass filter (cut-off frequency = ωc ) [10, 15].

B. Motor Controller
The d-axis and the q-axis motor voltage equations (9)
and (10) show the first-order dynamics of the stator currents
( isd and isq ) if the underlined terms are decoupled. So,
simple PI-controllers with unity feedback system can
control the d-q axis motor currents to control the flux and
the torque of the motor as shown in figure 7. By choosing
the proper gain values of the PI controllers, the desired
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bandwidth ( 1 τ im ) of the motor current controller is
achieved [10]. Thus, the closed loop transfer functions of
isd and isq become as follows.
isd ( s )
*
isd

(s)

=

isq ( s )
1
1
and *
=
1 + sτ im
isq ( s ) 1 + sτ im

(13)

In the present work, the desired response time τ im of
the motor current is chosen as 4 msec. Finally, the outputs
of the PI controllers are added to the underlined coupling
terms of (9) and (10) to get the actual d-axis and the q-axis
voltage references (Vsd∗ ,Vsq∗ ) [10].
It is important to note that the motor phase voltages and
the inverter phase voltages are not in phase. The motor phase
voltage is in phase with the line voltages of the inverter
modules. Hence a phase shift of 30o is provided to the three
motor phase voltage references obtained to generate the three
inverter phase voltage references. The phase reference
obtained is the total phase reference of the topology. Hence
this reference is obtained by adding the reference of the
individual inverter modules.

Llp

Rlp

Rls

Figures 8 and 9 show the individual inverter line voltages
that are being added up. The voltage references for
individual converters in bus clamp technique are shown in
figure 10. Figure 11 shows the inverter phase voltage
references with carrier based PWM with third harmonic
injection technique and also with centered space vector
PWM technique [7]. The phase voltage waveform along
with its spectrum analysis is shown in figure 12. It confirms
stepped voltage waveform and low dv/dt that is applied to the
motor. Figure 13 shows the steady state motor line voltage
and motor current. Figure 14 shows the variation of motor
phase voltage and motor speed for a step change in torque
command. Figure 15 shows the response of the torque
current ( isq ) for a step change in torque current command
*
( isq
). This figure suggests that the isq has a response time
constant 4 ms as per designing.

200 V/div

Lls
LlT = Llp + Lls

neglected

RlT = Rlp + Rls
4 ms/div

Fig.6. Equivalent circuit of a single phase transformer
with 1:1 turns ratio
Fig.8. Experimental waveform of steady state inverter1
line voltage
*
isd
,

Vsd* ,

*
isq

Vsq*

+

K Pm +

-

Kim
s

isd ,

1

isq

Rs/ + σ L/s

200 V/div

Fig.7. d-axis and q-axis motor current controller

V.

EXPERIMENTAL RESULTS

The experimental verification is carried out on a 7.5-hp
squirrel-cage induction motor. The inverters used for this
drive are three-phase 5 KVA three-level diode clamped
inverters. Two inverters are used to demonstrate the control
strategy as discussed above. The switching frequency of the
individual inverter is 5 kHz. The complete control strategy is
implemented on a digital controller.

4 ms/div
Fig.9. Experimental waveform of steady state inverter 2
line voltage

5

2V/div
Inverter 2 ref.

Fundamental

200V/div
4ms/div

35 V/div
1.56 kHz/div
(a)
4ms/div

Inverter 1 ref.

Fig.10. Experimental waveform of inverter
references in bus clamp technique

200 V/div
4 ms/div

2 V/div
3.13 kHz/div
(b)
Fig.12. (a) Experimental waveform of steady state motor
phase voltage ( Vs1 ) and its spectral analysis showing the
relative magnitude of fundamental and harmonics; (b)
Zoomed harmonic spectrum (fsw = 5 kHz)

(a)

4 ms/div

Voltage
200 V/div

Current
10 A/div

Fig.13. Experimental waveform of steady state motor
current ( is1 ) and motor line voltage
(b)
Fig.11. Experimental waveform of inverter reference with
(a) carrier based PWM with third harmonic injection
technique; (b) centered space vector PWM technique
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4ms/div
Speed
1div =
0.75p.u.

200V/div

application in the frequency range near 8Hz to 50Hz due to
the problems of sensorless control in low frequency
operations and also due to the problems of low frequency
operation of a standard transformer.
Different PWM strategies are used for this inverter
control. Using the feed forward control strategy for the
motor, a first order response is achieved for the motor
currents with a time constant of 4 msec. The motor terminal
voltage shows a number of steps at different operating
conditions. So, the life of the motor is also expected to be
very high due to the low applied dv/dt. The modularity of the
proposed drive gives flexibility in different high power
applications. If one module of the topology fails, the inverter
can operate at reduced power level similar to the single phase
H-bridge topology [2].

Fig.14. Motor phase voltage during speed transient

1 p.u.
*
sq

i

0 p.u.

1 p.u.

isq

APPENDIX
Motor Parameters:
Rated power 7.5 hp;
Rated frequency 50Hz;
Rated speed 1435rpm;
Number of pole 4;
Stator line voltage 415V;
Rated line current 10.8A;
Rs = 1.3Ω ;
Rr = 0.476Ω ;
L0 = 0.1310 H ; σ s = 0.0396 H ; σ r = 0.0396 H ;

0 p.u.
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