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Abstract—In this paper, the modularity concept applied to
medium-voltage adjustable speed drives is addressed. First, the
single-phase cascaded voltage-sorce inverter that uses series
connection of insulated gate bipolar transistor (IGBT) H-bridge
modules with isolated dc buses is presented. Next, a novel
three-phase cascaded voltage-source inverter that uses three
IGBT triphase inverter modules along with an output transformer
to obtain a 3-p.u. multilevel output voltage is introduced. The
system yields in high-quality multistep voltage with up to four
levels and low , balanced operation of the inverter modules,
each supplying a third of the motor rated kVA. The concept of
using cascaded inverters is further extended to a new modular
motor–modular inverter system where the motor winding con-
nections are reconnected into several three-phase groups, either
six-lead or 12-lead connection according to the voltage level, each
powered by a standard triphase IGBT inverter module. Thus, a
high fault tolerance is being achieved and the output transformer
requirement is eliminated. A staggered space-vector modulation
technique applicable to three-phase cascaded voltage-source in-
verter topologies is also demonstrated. Both computer simulations
and experimental tests demonstrate the feasibility of the systems.

Index Terms—Medium-voltage adjustable-speed drives, modu-
lation strategies, multilevel converters.

I. INTRODUCTION

UNTIL A FEW years ago, the gate-turn-off thyristor (GTO)
current-source inverter (CSI) was considered as the stan-

dard topology used in high-power applications. Series connec-
tion of GTO’s enabled output line voltage as high as 6 kV to be
obtained along with the advantages of natural power regenera-
tion due to the thyristor-controlled line converter and efficient
short-circuit overcurrent protection ability.

Only recently, due to the emergence of high-voltage power
devices such as the integrated gate-commutated thyristor
(IGCT) or HV insulated gate bipolar transistor (IGBT) with
voltage ratings up to 3.9 and 4.5 kV, respectively, commer-
cially available, a general trend of replacing GTO-CSI by
neutral-point-clamped (NPC) voltage-sorce inverters (VSI) in
both active and reactive high-power applications came forth.
NPC-based drives are currently available at ratings up to 6700
hp/4.16 kV. A recent survey [1] over the North American
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Fig. 1. (a) 4.16-kV SC-VSI ASD withU = 850 V and 48 IGBTs rated 1700
V (36 IGBTs rated 1700 V for 2.3-kV ASD). (b) Voltage-vector diagram for the
SC-VSI.

medium-voltage (MV) adjustable-speed drives (ASDs) used in
the petrochemical industry revealed that over 76% are covered
by 4.16-kV drives and about 20% by 2.3-kV drives. Therefore,
in this paper, only these two ratings will be considered, with
most of our focus on the former one.

A novel approach in multilevel conversion technology is the
use of series connection of two-level VSI with relative phase
shifting, viewed as building block power modules [2]–[4]. Thus,
not only a drastic reduction in voltage stress across the devices
but also an improved maintenance due to modularity concept are
achieved. The power modules can be either single-phase VSI
or three-phase VSI. Single-phase cascaded (SC) VSI drives are
now available with ratings up to 10 000 hp/6 kV [4].
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Fig. 2. (a) 4.16-kV TC-VSI ASD withU = 2000V and 18 IGBTs rated 3.300 V (18 IGBTs rated 1700 V for 2.3-kV ASD). (b) Voltage-vector diagram for the
TC-VSI.

Due to the fact that the multilevel output voltage exhibits
lower and harmonic distortion in comparison with the
two-level voltage, typical problems related to the two-level VSI
drives like stator winding insulation breakdown, bearing fail-
ures, and high electromagnetic interference (EMI) associated
to the high switching frequency can be much diminished when
using multilevel technology.

The goals of this paper are to describe two new topologies:
three-phase cascaded (TC)-VSI and modular motor–modular
inverter (MM-MI) that can be used in the MV-ASD area and
to demonstrate their performance by both computer simulation
and practical experiments.

II. SC VSI DRIVE SYSTEM

Formerly proposed in [4] and [5], the SC-VSI topology uses
series-connected low voltage 1700-V IGBT H-inverter bridges
with 850-V dc bus. The MV ASD described in [4] uses nine
modules (three per phase) for 2.3-kV ASD and 12 (four per
phase) for 4.16 kV ASDs, respectively. This modular structure
leads to important advantages such as: lower cost per kilowatt
due to the cheaper IGBT technology, power scalability, built-in
redundancy, and easy maintenance. Fault tolerance can be
achieved by bypassing the fault modules.

The main drawbacks are: high dc-link capacitive energy
storage requirement especially in constant torque applications
and a special expensive transformer with 18 pulses/nine
secondary windings for the 2.3-kV ASD and 24 pulses/12
windings for the 4.16-kV ASD, respectively, required to
provide the isolated dc buses (see Fig. 1).

III. TC VSI DRIVE SYSTEM

The novel TC-VSI topology described in [6] and [7] and
depicted in Fig. 2 uses three standard IGBT-VSI along with
a 0.33-p.u. (kVA) output transformer to achieve a 3-p.u. (V)
output multilevel voltage.

The main advantages of this system can be summarized as
follows:

• a 3-p.u. (V) pulsewidth modulation (PWM) output line
voltage, as can be seen in Fig. 7(a), with up to four levels
exhibiting low and total harmonic distortion (THD);

• balanced operation of each inverter that supply 0.33-p.u.
(kVA);

• modular construction, yielding easy maintenance;
• no circulating currents between the inverter modules.
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Fig. 3. (a) 4.16-kV MM-MI ASD (two-pole motor),U = 1700 V, 12
IGBTs/3300 V (12 IGBTs/1700 V for 2.3 kV). (b) Voltage vector diagram for
the MM-MI.

Fig. 4. SSVM pulse-generation technique for the case of triphase cascaded
(TC)-VSI.

In order to obtain multistep output voltage phase-shift mod-
ulation strategies need to be used (see Section V). The main
drawback remains the extra cost of the output transformer, al-
though it is rated only one third of the total load kVA. An 18
pulses/three secondary winding input transformer is required to
provide a clean line interface.

IV. MM-MI D RIVE SYSTEM

The windings of the MV motors are usually arranged in a
number of group coils equal to the pole number of the motor
[8]. Star connection is used for 4.16-kV line voltage whereas

Fig. 5. Voltage reference vector and the 36 possible switching states of the
TC-VSI.

Fig. 6. SSVM reference voltage vectors.

delta connection is used for a 2.3-kV line voltage ASD. The
MM-MI concept proposes the reconnection of the motor wind-
ings in two possible ways: six-lead and 12-lead connections. In
Fig. 3, a complete MM-MI ASD with a two-pole motor con-
nected in six-lead connection is shown. Thus, two delta-grouped
motor windings are available and fed by two triphase IGBT in-
verter modules. In this case, the voltage rating of each inverter
is decreased to where denotes the supply line
voltage. In the case of a 4.16-kV, two 1200-V inverter modules
are required.

In the case of four-pole motors, a 12-lead connection can
be used in conjunction with four triphase inverter modules. In
this case, the voltage rating of each inverter is decreased to

i.e., four inverters rated 600 V are required for a
4.16-kV ASD. MV motors with eight or 12 poles can also be
connected in 12-lead connection by grouping the coils in four
delta-connected motor winding groups.
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Fig. 7. Exp. and sim. results obtained with an SSVM-controlled TC-VSI-fed ASD with the parameters:f = 600 Hz,m = 0:95, f = 50 Hz,U = 120 V,
2.2-kW 400 V/Y induction motor, at half rated load. (a) Motor line voltage (sim.). (b) Motor line voltage (exp.). (c) VSI output line voltage (sim.). (d) VSI output
line voltage (exp.). (e) Motor line currents (sim.). (f) Motor line currents (exp.).

The MM-MI concept brings the following major advantages.

• The voltage insulation requirement of the motor/inverter
is reduced by 3.5 with the six-lead connection and by 7
with 12-lead motor connection.

• The structure exhibits a high level of reliability due to its
inherent redundancy and fault tolerance.

• Under inverter/motor fault with the 12-lead connection
structure, it is possible to phase-shift the remaining in-
verters in order to cancel the magnetomotive force (MMF)
harmonics resulting from partial winding excitation.

• The possibility of using it in automotive applications
where the voltage levels are limited and MM-MI con-
nection could permit a higher equivalent voltage on the
motor and lead to lower currents; adaptation to different

torque–speed characteristics is also possible by changing
different winding connections.

The main disadvantage remains the fact that the MV motor
requires a reconnection of the windings, but this can manually
be achieved especially as most of the MV motors comes with
multi-terrminals (six or 12 terminals) for soft-starting purposes.

V. MODULATION STRATEGIES FORCASCADED VSI
TOPOLOGIES

One well-used modulation strategy used in multilevel MV
converter with cascaded modules is multicarriers sine triangle
with third harmonic (MSTH) [9] where, for cascaded VSI,
triangular carriers with a relative phase shift of , where
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Fig. 8. Exp. results obtained with an MM-MI ASD using a 230-V/460-V 60-Hz 10-hp six-pole induction motor reconnected in six-lead configuration. (a)
Line-to-line output voltage of inverter-1,V , V , andV , 250 V/div. (b) Output current of inverter-1,I , I , andI , 5 A/div. (c) Output current of
inverter-1I , I , andI , 5 A/div while inverter-2 is shut down.

denotes the switching period, are compared against the same ref-
erence in order to generate the desired switching instants. When
adding the staggered output voltages, a -level phase
output voltage is achieved, with the first group of harmonics
centered around triplen switching frequency.

A novel staggered space-vector modulation (SSVM) scheme
that brings the benefits of the space-vector theory has also been
proposed in [9]. For cascaded VSI, time basis with
relative shift is generated. The SVM algorithm is performed
times for duty-cycle calculations in each VSI, due to the fact that
the reference is different in each shifted carrier period (Fig. 4).

All the 36 active switching states of the TC-VSI are repre-
sented in Fig. 5 along with the voltage reference vector. One can
easily observe that four levels in the line voltage, i.e., 0, ,

, and result by projecting the active switching states
(points) over the respective axes, e.g.,. By varying the mod-
ulation index, the number of levels decrease from four to three
at and from three to two at . This is advan-
tageous because the motor voltage stress is even further reduced
at lower fundamental frequencies. The reference voltageis

achieved by adding the references of each of theVSI with a
relative phase shift, as shown in Fig. 6 and expressed in

(1)

(1)

Since the reference vector is sampled three times at different
angles in each modulator, the equivalent switching frequency in
the output voltage is three times higher that in each VSI, as it is
also the case for MSTH.

VI. EXPERIMENTAL RESULTS

A. Three-Phase Cascaded (TC)-VSI

A complete TC-VSI was simulated using the SABER
[10] computer simulator, where three two-level VSI models
along with the output transformers were simulated taking into
account the measured primary-secondary windings parasitic
capacitance, leakage, and magnetizing inductance. A MAST
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template [10] was developed in order to implement the SSVM
algorithm. Next, an experimental setup was built using three
4-kVA/400-V IGBT-VSI commercially available inverters
supplying a 2.2-kW/400-V/Y/two-pole induction motor. Three
1-kVA 240-V/240-V single-phase common transformers were
used as output transformers. Since clean line interface was not
of first concern, three 5-kVA 3 400-V/3 400-V common
transformers were used to provide isolated dc-buses, instead of
a special 18 pulse/three windings transformer. A mixed digital
signal processoer (DSP)/microcontroller platform consisting of
SAB 80C167 MCB-167 and ADSP 21 062 EZ-Lab develop-
ment kit was used for control implementation.

Simulation (sim.) and experimental (exp.) results are shown
in Fig. 7. Fig. 7(a) and (b) depicts the line output voltage
from simulation and experiment, respectively.The four-level
waveform yielding low and low harmonics distortion
can be observed. Next, in Fig. 7(c) and (d), the VSI two-level
line voltage is presented. Finally, motor currents are shown in
Fig. 7(e) and (f), where low harmonic distortion is achieved
at a low switching frequency, i.e., 600 Hz. These results
demonstrate the advantages of using the new TC-VSI concept
in MV ASD, i.e., low harmonic content in output voltages and
currents, low switching frequency, and low .

B. MM-MI

The MM-MI concept proposed in Fig. 2 was implemented
on a laboratory prototype using a 230-V/460-V 60-Hz 10-hp
six-pole induction motor reconnected in six-lead configuration.
Two commercially available inverters were modified for this
purpose.

Because the line interface was not of first concern, no 12
pulse/two secondary windings input transformer was used. In-
stead, both rectifiers are supplied from the same line as the two
motor delta windings are electrically isolated.

Fig. 8(a) shows the currents , , and supplied by in-
verter-1 under no-load condition (inverter-2 currents are almost
identical).

Fig. 8(b) shows the PWM output voltage of inverter-1 and
Fig. 8(c) depicts the same currents when inverter-2 is shut down.
As can be observed, the currents are higher, but the ASD is kept
going. Thus, it features a high level of fault tolerance by being
able to work at half load with one inverter shut down.

VII. CONCLUSIONS

In this paper, the modularity concept applied to an MV-ASD
has been addressed. Instead of connecting the switching de-
vices in series in order to achieve MV requirements, multiple
inverter modules can be cascaded. Thus, low-voltage low-cost
IGBT technology can be applied. SC-VSI technology is already
available on the market and it is considered as a reference in
this study for cost and performance in respect to two common
MV-ASD ratings, i.e., 2.3 and 4.16 kV.

The novel TC-VSI topology that employs three standard
IGBT triphase inverter modules along with an output trans-
former to achieve a high-quality 3-p.u. multistep output voltage
is introduced. A 2.2-kW/400-V motor laboratory test rig shows
low harmonic distortion motor current even if the inverters are
switched with 600 Hz.

A novel MM-MI concept was introduced where the MV
motor windings need to be reconnected in several delta groups,
each powered by separate triphase inverter module. The re-
sulting system is fault tolerant and is able to operate at a reduced
power level under inverter/motor faults. Experimental results
demonstrate the performance of a 10-hp/460-V motor labora-
tory prototype. In comparison with the SC-VSI, the MM-MI
concept requires lower dc-link capacitive energy storage and
uses a reduced number of IGBTs with the same voltage rating
but higher current rating (the same kVA). Although it requires a
special motor reconnection the insulation requirement is much
lowered leading to cost reduction in MV motor technology.

An SSVM technique that can be applied for triphase cascaded
topologies was also demonstrated

Both TC-VSI and MM-MI computer simulations and experi-
mental tests have demonstrated the feasibility of these systems.
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