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Comparison of Hybrid Propulsion Drive Schemes

K.A. Corzine, Member, IEEE and S. Lu, Student Member, [EEE

Department of Electrical Engineering, University of Missouri - Rolla
1870 Miner Circle, Rolla, MO 65401-0040

Abstract — This paper provides a brief overview of a
hybrid drives which have become popular in recent years,
These drives combine two or more multilevel power
inverters to obtain exceptional power quality which is
necessary for Naval propulsion applications. Furthermore,
for ship propulsion, where it may be difficult to obtain
several isolated dc voltage sources, the inverter control can
be set so that only one real dc power source is needed (or one
per phase in the case of a series H-bridge type). Three types
of hybrid drives considered and their advantages and
limitations are described. Commonalities of the control of
each hybrid drive type is discussed and three conirol
schemes are applied to the various topologies in a set of
simulation examples.

Index Terms — Multilevel, drives, power converters,
cascaded inverters, H-bridge inverters.

I. INTRODUCTION

Motor drives based on the muliilevel power conversion
concept [1-3] have become increasingly popular in recent years
due to advantages such as higher voltage capability, lower
switching losses, better electromagnetic compatibility, and
superior power quality when compared to traditional (two-level)
methods.  Other than the exponentially increasing number of
[EEE publications in this area, the recent interest is evidenced by
the fact that several Navy contractors including ABB, Alstom,
Electric Boat, GE, Northrop Grumman, and Power Paragon have
obtained patents in this area in the past six years.

An intriguing extension of the multi-level concept is the series
or paratlel combination of multiple inverters [4-21]. Within
these combinational topologies is the hybrid drive defined as an
inverter where the power is split between a higher-voltage low
switching frequency "bulk” inverter and low-voltage high
switching frequency "conditioning” inverter(s) {3, 10-13, 15, I8,
19, 21]. Since there is a multiplying effect between the number
of voltage levels of the individual inverters, the hybrid drive can
have cxceptional power quality.  Recent ONR-sponsored
rescarch demonstrated a hybrid inverter that has a voltage THD
of 9% [18]. If a light filter is added to this inverter, the power
quality can meet Navy specifications.

This paper provides an overview of three types of hybrid
inverters that have been studied by independent researchers in
recent years. The topologies and control schemes are explored
through the use of scveral simulation cxamples.

II. HYBRID DRIVE TOPOLOGIES

A effective extension of multilevel motor drive technology
{1-3] is to extend the power conversion by combing two or more
multilevel inverters {(or sometimes two-level inverters) in a
serics- ot parallel-type connection in order to further improve the
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power quality. This has been accomplished in several ways by
different researchers in recent years, One method is to combine
inverter outputs by use of ac-side transformers [4,5]. The
inverter cutputs can also be connected on the ac side using inter-
phase reactors [6,7).  Another combinational topology involves
the parallel connection of a current-source inverter with a
voltage-source inverter [8,9].

To narrow the focus of this paper, only series-connected
voltage-source inverters without ac-side transformers are
studied. In particular, the three gencral topologies shown in
Figure 1 are considered. Figure la shows the series muitilevel
H-bridge inverter. Therein, cach phase consists of any number
of H-bridge cells, cach of which can have any odd number of
voltage levels. A hybrd inverter can be formed from this
{opology by altering the dc voltage ratio of the sertes H-bridge
inverters [10]. This method forms a hybrid drive since the
higher-voltage cells supply the bulk of the power at a low
switching frequency. An extcnsion of this inverter is a method
where the specific H-bridge cells are made from multilevel poles
[11-13]. [t can also be shown that the isolated dc power supplics
can be replaced with capacitors and only one real power dc
source 1s required for each phase [12,13].

Figure 1b illustrates the generalized cascaded multilevel
inverter. This topology involves splitting the neutral of the
motor load and connecting each end of both phase windings to a
multilevel inverter., This structure was first introduced in 1993
[14] with the isolated dc voltages having equal value. By
changing the ratio of the dc voltages, the number of voltage
levels can be greatly extended [15-17]. As with the scries H-
bridge topology of Figure 1a, it is possible to replace one of the
dc sources with a capacitor and regulate its voltage by using the
inverter control [18,19].

Figure Ic shows a third hybrid combination. It is similar 1o
the series H-bridge inverter with a common three-phase inverter.
As with the series H-bridge inverter, any number of H-bridge
cells can be included. The voltage ratios between the main dc
link and each H-bridge cell can be set o obtain higher power
quality [20,21]. Since this is a combination of the diode-
clamped and series H-bridge topologies, it is referred to as the
DCH multilevel inverter herein.

To further narrow the focus of this paper, cach of the three
topologies will be reduced in number of potential voltage levels
so that only one real dc source is required (or one per phasc in
the case of the series multilevel H-bridge). The remaining
sources will be replaced with capacitors and the inverter control
will have the task of regulating the capacitors to specific constant
values, Herein, the values of the capacitor voltages will be
chosen to maximize the number of ac voltage levels obtainable.

A. Assessment of Hvbrid Drive Topologies

In most applications, the series H-bridge inverter of Figure la
has the advantage that the voltage and power levels can be casily
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Figure 1. Various typcs of hybrid multilevel inverter drives.

expanded by increasing the number of H-bridge cells. This
advantage decreases in the hybrid case (where the dc voltage
ratios are altered to obtain better power quality) since the cells
are asymmectrical and not modular.  The advantage of
expandability disappears in the casec where only one real power
source per phase is used. However, the power quality can still
be greatly increased by adding more cells due to the multiplying
effect of the voliage levels. One primary disadvantage of the
series H-bridge multilevel inverter is the need for three isolated
real power sources. On a ship system, creation of these sources
adds to the weight and volume of the drive, Furthermore, the
sources are supplying single-phase power and can require a
relatively large capacitance.

The cascaded multilevel inverter shown in Figure 1b is
rclatively simple to construct from standard three-phase
inverters. One disadvantage of this siructure is the need to have
access to both ends of each phase winding. [n industrial
applications, this could be troublesome. In Naval propulsion
applications, the motor is typically custom made and accessing
all six terminations is not an issue. As the examples below will
illustrate, this topology can operate from one real power three-
phase voltage source.

The DCH structure combines advantages of the serics H-
bridge and cascaded multilevel inverters. Through suitable
contral, it is possible to supply all of the H-bridge cells with a
capacitor source so that only one real power source is needed.
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This topology also has the advantage of not requiring access to
both ends of cach phase winding.

B. Hyvbrid Drive Controf Schemes

The control of a hybrid motor drive involves multilevel
modulation as well as capacitor voltage regulation. Multilevel
modulation is a fairly straightforward extension of traditional
two-level modulation schemes [15). Capacitor voltage regulation
can be accomplished in a number of ways. One method is the
use of redundant state selection (RSS) between the available
voltage vectors. Selecting between redundant states results in
little disturbance of the ac voltages, but a large change in the
capacitor voltage balancing situation. If redundant states are
available within a particular phase (per-phase RSS), this option
can lead to a fairly straightforward control. This can be
accomplished by changing the de voltage ratio and reducing the
number of vollage levels [12] as will be demonstrated in one of
the series multilevel H-bridge cxamples below. [f per-phase
RSS is not available, redundant states involving all phases (joint-
phase RSS) can be used [18). This method is somewhat more
time intensive than per-phase RSS since information about the
capacitor voltages (in the H-bridge cases) and currents from all
phascs must be considered. In a practical implementation, the
joint-phasc RSS method can be programmed in a table off-line
and used instantanecusly during drive operation.

One disadvantage of capacitor voltage regulation through
RSS is that the higher-voltage bulk inverter may be required to
switch with narrow pulses. This can be avoided by foreing the
bulk inverter to operate in a step mode at the fundamental
frequency and then controlling the conditioning inverter in
PWM mode to completely compensate the harmonics from the
bulk inverter and regulate its capacitor voltages at the same time.
For higher power systems, this control is more reasonable than
using RSS for capacitor voltage balance. Examples of the
cascaded multilevel inverter below will illustrate this control and
compare it to the RSS method.

Another option for controlling the hybrid drve is the addition

- of common-mode hanmonic terms to the drives output voltage
reference signal. These harmonic terms can be set to ensure that
the conditioning inverters supply positive average power [20] or
only reactive power so that capacitor sources may be used [21].

[H. HYBRID DRIVE EXAMPLES

The examples in this section will be used to clarify some of
the similaritics in the control of the various drive topologies.
The series H-bridge drive will be used to illustrate the
differences between per-phase and joint-phase RSS control. The
cascaded multilevel inverter will be used to illustrate the
differences between RSS control and step control in the bulk
inverter. Two advances of the DCH hybrid drive are shown.
First the concept of using multi-level poles in the H-bridge
inverters will be demonstrated. Next, the usc of two H-bridge
cells per phase will be demonstrated. Simulation with the RSS
method will show that complete capacitor voitage regulation can
be achieved in both cases.

A. Series Multilevel H-Bridge Drive

As a specific example of the generalized scries multilevel H-
bridge drive of Figure 1, consider the structure shown in Figure

2. In this example, a five-level H-bridge is used for the bulk
inverter and a fypical three-level H-bridge is used for the
conditioning inverter. This combination is referred to as the
cascade-5/3H inverter. As can be scen, one real source per phase
is required to supply the bulk inverters. Capacitor voltage
balancing within the bulk inverter (to ensure v, =¥, ) can be
readily accomplished by using redundant switching states within
the five-level bulk inverter [11]. [norder to obtain the maximum
number of voltage levels on the ac output, the dc voltage ratio
must be sctto v, =6v,,,. This will result in a maximum of
fifteen levels (the product of the bulk and conditioning inverter
number of levels). Figure 3 shows the plot of available voltage
vectors in the g-of reference plane [18] with v, =6v, ...
Therein, the bold vectors are the vectors created by the bulk
inverter and the other vectors are formed by a combination of
bulk and conditioning inverter switching. The dashed hexagon
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Figure 2, The cascade-5/3H inverter topology (u-phase).
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indicates the voltage limit imposed if the conditioning inverter is
supplied from a capacitor. As can be seen, within this [imit, the
inverter can operate as a thirteen-level inverter. The specific
performance depends en the control scheme used. For the joint-
phase RSS method, the performance will have thirteen levels.
For per-phasc RSS, the performance will be lowered to eleven-
level so that the control can be contained within each phase.
Examples below will clanify the per-phase and joint-phase RSS
controls. Although not covered in this section, it is possible to
operate this inverter in fourteen-level mode by forcing the bulk
inverter to switch at the fundamental frequency. This type of
control will be applied to the cascaded multilevel inverter in the
next scction.

The per-phasc RSS control scheme operates as follows. First
the veltage ratio is changed t© v, =4v,,, =4E in order to

reclaim per-phase redundancy. In this case, the voltage £ is
used for simplicity and represents the voltage of the conditioning
inverter. Table I shows the full range of switching states for the
a-phase using this new voltage ratio. As can be seen the inverter
operation is reduced to eleven-level. The per-phase capacitor
voltage balancing method works by eliminating the highest and
lowest voltage levels (reducing the performance to nine-level).
Of the remaining levels, the ones in which the conditioning
inverter output is v,,, =0 will not affect capacitor voltage

balance. As can be scen, other remaining levels involve a simple
choice between a positive or negative conditioning inverter
output which amounts to placing the capacitor in series in one
direction or the opposite direction. This choice can be made on-
line depending on the direction of the phase current and whether
the capacitor needs to be charged or discharged to maintain the
voltage ratio. The control process is then to usc a standard
eleven-level modulation [I8] for each phase and follow the
modulator output with a simple per-phase RSS decision. Figure
4 shows a simulation result for this mode of operation. For this
simulation, the inverter is supplying a 1-MW 4160-V R-L load
with a power factor of 0.8 lagging. The modulation index of the
modulator is set to its maximum and the dc veltage is adjusted
so that the output voltage is rated. The line-to-line voltage, line-
to-ncutral voltage, and phase current (as labeled in Figure 1) are
shown followed by the bulk inverter output voltage,
conditioning inverter output voltage, and conditioning capacitor
voitage (as labeled in Figure 2). The inverter exhibits typical
nine-level performance with a voltage THD of 7.76%. One
disadvantage of this scheme is that the RSS switching causes the
bulk inverter to operate at a higher switching frequency. As can
be seen, the capacitor well regulated through the RSS control.

To improve the performance of this drive, the joint-phase
RSS control scheme is used with the voltage ratio set to
Vielg = 0V4ea, - In the joint-phase RSS mode, the modulator is

followed by redundant decisions involving all three-phases. The
switching state of all phases can be increased or decreased by the
same amount which changes the common-mode inverter voltage
without affecting the load voltages. The joint-phase RSS
decision is then to cycle through all of the possible joint
redundant states and evaluate each one based on the overall
capacitor voltage balance. The evaluation assigns a priority
depending on in how many phases the redundant state can
improve the capaciior voltage balance of the conditioning
inverter. Figure 5 shows the simulation cutput result using the

same load conditions as in the first study. The de voltage is
lowered in this case to match the load. Comparing this scheme
to the previous simulation, it can be seen that the power quality
has been increased. This can be seen in the line-to-line voltage
which displays thirteen-level operation and in the line-to-neuiral
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Figure 4. Cascade-5/3H inverter operating with
per-phase RSS in 9-level mode.

Figure 5. Cascade-5/3H inverter operating with
joint-phase RSS in 13-level mode.

voltage which has a THD is 5.11%. Also, the bulk inverter
switches less often and thus has lower switching losses.
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However, the bulk inverter still contains narrow pulses. This
issue will be resolved by an alternate control scheme introduced
in the next section.

Table L Cascade-5/3H states { vy = dvy.00 =4E )
Yag Vagl Vag?
-5E AE -E
AF AE 0

-4f E

Sk 2E £
-2E -2E Q
-5 £

- 0 -E
0 0

0 E

i 2F -E
2E 2E 0
2E E

3K aE -E
4£ 4E 0
5E 4E E

B. Cascaded Multilevel Drive

Figure 6 shows the topology for the cascade-3/3 inverter
which will be used to illustrate the next control scheme. It is a
cascaded connection (through the neutral of the load) of two
three-level diode clamped inverters, [f the voltage ratio is set to
Ve =3V, , @ maximum of nine voltage levels is obtained (the

product of the number of levels of each inverter). The vector
plot for this voltage ratio is shown in Figure 7. Consideting the
limit of the bulk vectors outlined by the dashed hexagon, it can
be seen that scven-level performance is obtainable when only
one real power source is used.

The first stimulation utilizes joint-phase RSS as described
above. In this case, a typical nine-level modulation scheme is
used [18] followed by joint redundancy which has the goal of
regulating the four capacitors to their ideal values. Figurc 8
shows the simulation results. In this case, the line-to-line voltage
is defined as v, =v, —v, . Based on this voltage, seven-level

performance can be verified. In this simulation, the line-to-
neutral voltage THD is 9.97%. As with the series H-bridge
examples, this scheme leads to narrow pulses in the bulk inverter
voltage. This shortcoming is overcome with the next example.
Another option for controlling hybrid drives is to force the
bulk to switch at the fundamental frequency and compensate the
voltage harmonics using the conditioning inverter. For the
cascade-3/3 inverter operating with a high modulation index, this
amounts to having the bulk inverter step from one bold vector to
the next along the dashed hexagon in Figure 7. Since the
fundamental component of the bulk voltages forms a circle in
the g-d stationary plang, this circle will be larger than the dashed
hexagon at certain places in the cycle. At these times, the
conditioning inverter will compensate by using vectors slightly
outside of the hexagon. Therefore, this control method will
result in eight-level operation. The control of the conditioning
inverter first monitors the instantaneous real and reactive power
supplied by the bulk inverter. Next, the power is compensated
so that the average power going to the load is constant (a

requircment  for sinusoidal conditions).  Based on this
commandcd power and the measured currents, the conditioning
inverter commanded voltages can be determined. The details of
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Figure 7. Cascade-3/3 vector plot with v, =3v,.

this method can be found in the literature [19] and are similar to
P-Q) theory control of active filters. An advantage of controlling
the conditioning inverter in this way is that it's capacitor voltage
can be easily regulated by adding to or subtracting from the
commanded power of the conditioning inverter. Figure 9 shows
the simulation results for this case where the load conditions are
the same as previous simulations. It can be seen that the bulk
inverter is switching at the fundamental frequency and the
conditioning inverter capacitor is well regulated. The line-to-line
voltage indicates eight-level operation and the line-to-neutral
voltage THD is 9.36%.
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Figure 10, The DCH-3/5 hybrid motor drive.

C. Diode-Clamped/H-Bride (DCH) Drive

In this section, two new types of DCH hybrid drives will be
introduced. The joint-phase RSS control will be used in both
cases. The first example is the DCH-3/5 inverter formed from a
traditional three-level inverter supplying a five-phase H-bridge

L T L L T L

cell in each phase as shown in Figure 10. In this case, the dc
voltage v, must be five times the total H-bridge dc voltage to
obtain fifteen-level capability. For example, in the a-phase dc
voltages would be set according to v, =5(v, + Vs ). The
capacitors within each H-bridge should be of equal voltage, but
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this can be ensured by redundancy within the conditioning
inverter [[1]. The vector plot is not included due to space
limitation, but it has the appcarance of a traditional three-level
inverter vector plot with a five-level plot around each bulk
vector, Considering the limitation of the bulk voltage in the
vector diagram, it could be concluded that this inverter will
operate as an eleven-level inverter if the conditioning inverters
are supplied from capacitor sources. Figure Ll shows the
simulation results. Besides the load voltages and currents the a-
phase capacitor voltages are shown. As can be seen, they are
well regulated using the joint-phasc RSS control. The line-to-
neutral voltage THD in this example is 7.25%.

The next examptle is the DCH-3/3/3 inverter shown in Figure
12. The ratio which yields the maximum number of voltage

levels in this case is v, =6v,.,, =18v,,. This will result in

twenty-seven-level performance. In order for all six capacitors
to be regulated to these voltages, the joint-phase RSS ¢ ontrol
will reduce the performance to nineteen-level operation. In this
case, the joint-phasc RSS assigns priorities based on all six
floating capacitors. The simulation results are shown in Figure
13 using the same loading conditions as with the previous

™
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Figure 13. DCH-3/3/3 inverter simulation results.

simulations. The load voltage exhibits exceptional power quality
in this case due to the multiplication of the voltage levels with
the addition of a third inverter stage. The line-to-neutral voltage
THD in this example is 3.37%. The overall line-to-ground
voltage is also shown to indicate that the common-mode inverter
voltage is being changed considerably for capacitor voltage
regulation.

VI. CONCLUSION

This paper presented an overview of three types of hybrid
inverter topologies and three types of hybrid inverter control
schemes. The serics multilevel H-bridge inverter offers the
advantage of expandability, but requires at least one rcal power
single-phase voltage source per phase. the cascaded multilevel
inverter is straightforward to construct, but requires access fto
both ends of each phase coil. The diode-clamped / H-bridge
hybrid combines the advantages of the series H-bridge and
cascaded multilevel drives. For these three drive types, there is a
commonality in the control methods. This paper explored per-
phase and joint-phase redundancy schemes for capacitor voltage
regulation. Also, a method of greatly reducing the frequency in
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the bulk inverter was shown. Examples of the various control
schemes demonstrated exceptional power quality.  This is
particularly the case of the DCH hybrid inverter, an example of
which operates with 3.37% voltage THD.
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