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Abstract - In this paper a new electric ship propulsion system is proposed as combination of
a double generator set with a double inverter feeding a wound-rotor synchronous machine.
Each generator set is composed by a diesel engine directly coupled to a compact, permanent

magnet, synchronous generator. A diode rectifier connects the output of the generator to a
variable voltage dc bus. The dc bus feeds one of the input sides of the double inverter. The
double inverter acts as a multilevel converter and it is able to drive the 3-phase, 6-wire motor
coupled to the propeller. The two generator sets can operate either jointly or one at a time,
depending on the power demand from the drive system. The working point of each diesel
engine is determined in order to supply power to the propeller with maximum efficiency.

1. INTRODUCTION

Tugs, pushers and trawlers have different propulsive re-
quirements, due to its operative profile. Trawlers, in par-
ticular, must reach the fishing ground at cruising speed,
in a first time, and then they must trawl the fishing gear
at a reduced speed. In this case not all the engine power
but a very large torque at reduced speed is needed.

The proposed diesel-electric propulsive system, shown
in Fig. 1, meets very well these requirements, due to the
its intrinsic advantages and, here, to the availability of
the maximum torque at very low speed [1]-[2].

This propulsion system gives the possibility to sizing the
electric drive on the basis of the maximum torque de-
mand and of the maximum rotating speed at the propel-
ler shaft. Sizing of the diesel generator system is based
on the splitting of the power source in two separate
generation units. In this way, during high-torque, low-
power operation, it is possible to supply the electric drive
by using only one diesel motor. This operating condition
improves the running of the diesel engine, and then get
great advantages in terms of fuel saving.

2. GENERATOR SET

The control system acts in order to keep the diesel
engine close to its maximum efficiency point (N=N,.x)
for every power to be tranfserred to the propeller. For
this purpose, the diagram P=P(®) for n=mn,, must be
preliminary determined.

Due to the presence of both permanent magnet
syncronous generator and uncontrolled diode rectifier,
the DC bus voltage is proportional to the engine speed,
ranging from the no-load speed and the maximum speed
(the ratio is usually 1:3). This is a useful characteristic
for the propeller drive, since higher DC bus voltages are
required only for higher propeller speed, i.e., high power
demand. For lower propeller speed, i.e., low power

demand, the lower DC bus voltage allows reducing the
power switching losses and the high frequency losses
associeted to the voltage and the current harmonics in
the propeller AC motor.

3. MULTILEVEL CONVERTER

The drive system is based on the use of a multilevel con-
verter in the “dual two-level inverter” configuration for
the supplying of an open-end winding, 3-phase motor
[3]-[4]. Fig.2 shows the scheme of the power section of
the multilevel converter.

The proposed multilevel converter can operate in two
modes: supplied by one source (Ey or E;) or by both
sources (Ey and E;). When the converter is supplied by
only one source, the motor is able to generate the rated
torque up to half the rated speed. Higher speeds can be
reached with decreasing torque values (constant power
operation). When the converter is supplied by both
sources, the motor generates the rated torque up to the
rated speed. Higher speeds can be reached with de-
creasing torque values (constant power operation). In
this operating mode, the power sharing between the two
converter stages can be controlled in order to match with
the power sharing between the corresponding generation
units. The “dual two-level inverter” structure allows a
great flexibility in the choice of the contribution to the
propeller power demand. In particular, even if a power
stage or a generation set is out of order, the system can
operate at reduced power by keeping the rated torque up
to half the rated speed. It means a high reliability of the
propulsion system.

The proposed scheme should be preferred to other mul-
tilevel configurations owing to the following advantages:
absence of common mode currents in the motor wind-
ings, full dc bus voltage utilization, multilevel configu-
ration obtained by two standard three-phase two-level
inverters.
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Fig. 1. Block diagram of the proposed diesel-electric propulsion system

A. Modulation Strategy based on Space Vectors

With reference to the scheme of Fig. 2, using space
vector representation, the output voltage vector v is
given by the contribution of the voltage vectors v, and

v, , generated by inverter / and inverter L, respectively,
V=V 4V, (1)

The voltages v, and v, can be expressed on the basis of
the dc-link voltages and the switch states of the inverter
legs.

Assuming Ey, = E; = E leads to

2 4
_ 2 3T 3T
VHZEE S1H+S2He 3 +S3He 3 4 and
) ER
\7L:—§E S1L+S2Le 3 +S3L€.3 ’ (2)

where {Si, S Sz Sz, Sar, Syy = {0, 1} are the
switch states of the inverters legs. A space vector repre-
sentation of the output voltage vector is given in Fig. 3.

The combination of the eight switch configurations for
each inverter yields 64 possible switches states for the
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whole multilevel converter, corresponding to 18 differ-
ent output voltage vectors and a null vector. By using the
SVM technique, these voltage vectors can be combined
to obtain any output voltage vector lying inside an outer
hexagon, having a side of 4/3 E. In particular, with refer-
ence to sinusoidal steady state, the maximum magnitude
of the output voltage vector is 2 / V3 (i.e., the radius of

the inscribed circle). )

The outer hexagon is composed by 24 identical triangles.
For symmetry reasons, only three different regions can
be identified. As shown in Fig. 3(b), there are 6 inner tri-
angles (region @ - dashed), 6 intermediate triangles (re-
gion @ - white), and 12 outer triangles (region @ - dot-
ted).

In a multilevel inverter the output voltage vector is syn-
thesized by modulating three adjacent vectors corre-
sponding to the vertices of the triangle where the output
voltage vector lies. It means that, in each region and
within each switching period, v is synthesized by using
the vectors v, v, v, as represented in Fig. 4 for the
three types of triangles. The corresponding duty cycle
U, Ay, can be determined by the standard SVM tech-

nique, according to

V=V, +AVg +Y Ve (3)

. AG AG ‘WI {SL. {Su L

2L

3L

—
h
=
S

N

Fig. 2. Dual two-level inverter topology feeding the six-wire, wound-rotor synchronous machine.
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Fig. 3. (a) Output voltage vectors generated by the dual, two-level inverter.
(b) Highlight of the triangles in the three different regions @, @, and ®.

B. Power Sharing

A novel modulation technique, able to regulate the
power sharing between the two dc sources, is presented
in this section. The balanced operation can be considered
a particular case.

Introducing the power ratio &, the output power p (aver-
age value over a switching period) can be shared be-
tween the dc sources (H and L) according to

3_ -
_ Py =7vpg-i=k-p

vy i=(1-k)-p

p:
PL=

Assuming the inverter voltage vectors vy, v; in phase
with the output voltage vector v , (5) leads to

y=kV s
b ©

In order to synthesize an output vector v, the two
inverters must generate the corresponding fraction of v
by applying only their active vectors Vo Vg and null
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Fig. 4. Possible values of the power ratio k for
modulation indexes m = 1 (blu) and m = 0.7 (red).

vector. Being v, and v, in phase, they lay in the same

sector and can be synthesized using the same adjacent
active vectors Vi, ,\7'3.

The duty cycles p,;, A,y represent the application
time of active vectors Vo Vp and null vector, respec-

tively, for inverter /. The duty cycles, p, A, ,y, , repre-
sent the application time of active vectors Vo Vg and

null vector, respectively, for inverter L. They can be de-
termined by using the standard SVM equations. In this
way, the voltage generated by the two inverters are

\7L =H'L‘70.+7\‘L‘7ﬁ

C. Operating Limits

The constrains of the duty-cycles expressed in (6) are

My 20 py 20

These constrains introduce a limit in the range of varia-

Fig. 5. Limits of the power ratio & as function
of the modulation index m.
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Fig. 6. Voltage waveforms for different values of m and &:

tion of the power ratio k. In particular, the range of
variation of & can be evaluated as a function of the de-
sired output vector v .

If the output voltage vector is written as v = Ve /¥, the
modulation index m can be defined as

V. 0<m<1 for sinusoidal output voltages.
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In Fig. 4 are represented the boundaries of k£ as a func-
tion of the phase angle 9 of the output voltage, for m = 1
and m = 2/3. In most applications is required to share the
output power between the dc sources in equal parts. This
means that £ must be fixed to 0.5 during the whole fun-
damental period, 0<39<2x. If the maximum output
voltage is required (m = 1), there is no possibility to
regulate the power sharing between the dc sources. In
this case only the value £ =0.5 is admissible.

Fig. 5 shows the upper and lower limits of £ with refer-
ence to sinusoidal output voltages as a function of the
modulation index m. It can be noted that for m < 0.5 the
power ratio k can be greater than unity and lower than
zero. It means that an amount of power can be trans-
ferred from a dc source to the other, and the inverter
voltages v;; and v, become in phase oppositions, as

shown by (5). This feature could be interesting when
using rechargeable supplies, e.g. batteries, because it
represents the possibility to transfer energy between the
two sources. In this paper only the range 0 < k <1 is dis-
cussed since energy storage devices are not included in
the proposed scheme.

The output voltage vector lies within the circle of radius
E/ J3 for m<0.5. In this case, the two inverters can

supply the output power with any ratio. In particular, if £
is set to 0, the whole output power is supplied by inverter
L. Whereas, if k is set to 1, the whole output power is
supplied by inverter H. This is a very important feature
of this converter in case of fault, because it represents
the possibility to supply the load by using one inverter
and one diesel engine only.
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(b)m=1N3 (v=2/3 E), k=2/3 (1-k = 1/3)

1) line-to-line voltage generated by inverter /;
2) line-to-line voltage generated by inverter L;
3) load phase voltage (output).

D. Results

The proposed switching techniques have been numeri-
cally implemented in the Simulink environment of Mat-
lab by using appropriate S-functions. In particular, the
typical discretizations caused by a realistic digital
control system have been taken into account. A
simplified ideal model has been considered for power
switches, without additional dead times. The tests have
been carried out considering the same dc voltage for the
dc sources: £ =100 V, and sinusoidal balanced reference
output voltages (f = 50 Hz). In order to emphasize the
switching actions, a large switching period has been
adopted: Ts =500 ps (fs =2 kHz).

The voltage waveforms generated by the two inverters
are shown in Fig. 6, from top to bottom: (1) line-to-line
voltage of inverter H (vi2y), (2) line-to-line voltage of
inverter L (vi5;), and (3) load phase voltage (v;). The
solid blue lines represent the instantaneous values,
whereas the dotted green lines represent their moving
average over a switching period.

It can be noted that the line-to-line voltages are distrib-
uted on three levels (0, £F), as expected for traditional
three-phase inverters, whereas the output phase voltage
is distributed on nine levels (0, *1/3E, +2/3E, *E,
1+4/3E), as expected for a multilevel converter.

Fig. 10(a) corresponds to the maximum sinusoidal output
voltage for the multilevel converter, m = 1
(v=2A3 E), and k = 1/2. In this case, the two inverters
generate the same voltages and then supply the same
power.

Fig. 10(b) shows the waveforms corresponding to a
magnitude of the output voltage vector equal to the side
of the inner hexagon, v = 2/3 E (m = 1/N3), and k = 2/3.
In this case, the outer triangles (region ®) are not in-
volved, and the output voltage is distributed on the lower
seven levels only. Being k& = 2/3, the voltages and the
power generated by inverter H are double with respect to
the ones generated by inverter L.

The effectiveness of the multilevel modulation is proved
by observing that the output voltage is distributed in
three levels within every switching period.



4. WOUND ROTOR SYNCHRONOUS MACHINE

The drive system for a WR-SM requires a field excita-
tion winding on the rotor, brush slip rings for supplying
the rotor winding and a dc/dc chopper for the regulation
of the excitation current. This additional hardware is
based on reliable technologies and does not represent a
relevant increase in the cost of the whole drive. The
main features of the proposed WR-SM drive system are
the capability to generate high torque at low speed with-
out excessive overload of the stator windings and to op-
erate theoretically at constant power until unlimited
speed [5], [6]. The expected efficiency of the whole
drive system (multilevel converter and WR-SM) is
higher than 95% for a power rating of hundreds of kilo-
watts. This high efficiency value could be also obtained
with a Permanent Magnet Synchronous machine (PM-
SM). Unfortunately it is known that in a PM-SM, the
machine parameters allowing constant power operation
until very high speed do not match with the parameters
necessary to reach the highest torque at low speed.

In the following the attention will be focused on the
control technique of the WR-SM that gives the maxi-
mum torque per ampere of the stator current for any ro-
tating speed.

A. Linear Analysis

The limit given by the inverter current capability can be
represented by

ij+i; =17, ®)
where [, is the magnitude of the rated current of the in-

verter. The limit given by the maximum available volt-
age can be represented by

2 N2 2
24| e [in”leJ _| e ©)
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where V, is the magnitude of the maximum voltage the
inverter can generate.
Using a representation based on the p.u. components

iy =ig/I, and 7, =i, /1,
the current limit (8) defines a unity radius circle centred
in the 70,, Tq plane origin, while the voltage limit (9) de-

fines an ellipses family.

At low speed, the maximum torque per ampere is always
obtained with the excitation current equal to its maxi-
mum value (i,=i,). Fig. 7 shows torque hyperbolas ob-
tained for different values of the excitation current. The
higher is the excitation current, the higher is the torque
that can be generated with the same stator current.

In the low speed region for the maximum value of the
excitation current (i.=ig\) the voltage ellipses are centred

in i; =—a,, , where

ay :MseieM/(Ld[V)' (10)

With this excitation current, the stator current vector an-
gle 9, that gives the maximum torque is found by im-

dt
osing — = 0, leading to
posing 79 g
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r
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r q
The highest speed ®p, at which maximum torque can be

r: saliency ratio;

obtained, is

|4
=—" 12
OB L1, (12
where by :\/(J—cosz 93)+r2(cos S +a)2 . (13)

The point B, shown in the p.u. diagram of Fig. 7, repre-
sents the base operating point of the machine [6].

As the angular speed exceeds wp the maximum torque
will assume values lower than 3 owing to the voltage
limit constraint. However for any angular speed o > oy
it is possible to find a combination of armature current
components and excitation current, defined by suitable
values of 9 and @, which allows the highest torque to
be generated. It is verified that, taking into account the
voltage limit, this operating condition is achieved at
unity power factor.

It is possible to determine the phase angle 3, of the ar-

mature current vector that ensures unity power factor at
any angular speed ® > . The solution is

8H=n—tanl( £ J:n—tan](b), (14)

oL,I,

r

oL, I,

where b=

The corresponding excitation current is given by
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Fig. 7. Diagram of the operating conditions of a machine
with =3, in the normalized Td’i plane.
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Fig. 8. Diagram of the operating conditions of a machine with r=3,
in the normalized Td,Tq plane.

ZEH:V, sindy —oLy1, cos Sy . (15)
(DMSC

It can be verified that the resulting torque corresponds to

constant power operation. Furthermore, the parameter ay

assumes the asymptotic value ay=1 for ® — o, that

means the centre of the voltage ellipses is placed on the

current limit circle (i.e. ayg =1 —> Migz =L,1,) [6]

The machine operation with unity power factor is pre-
vented at low speed by the maximum value of the exci-
tation current. In this speed range, considered as a tran-
sition region between constant torque and constant
power operation, the best performance is obtained in the
points of the current limit circle defined by the intersec-
tion with the voltage ellipses. The current vector angle
can be calculated as

—rzaM +\/—r2 +r2b? +1-b? +r2ai,

-1

(16)

cos e =

B. Simulation results

Fig. 8 represents the operating condition in the p.u. coor-
dinates for a machine with r=3, ay=1.8. The base point B
is found with bg= 6.42, while unity power factor opera-
tion is obtained for values of b lower than bc=4.95. At
very high speed the excitation current is reduced to a
value corresponding to ay=1. In Fig. 8 it can be noted
that the excitation current is kept to its maximum value
until the point C corresponding to the end of the transi-
tion region, and then decreases at higher speed. During
the transition range, the power factor increases from 0.85
to 1. Torque is constant for speed lower than the base
speed (point B) while power is constant for speed higher
than that in point C. Operation of the WR-SM at con-
stant power theoretically extends to unlimited speed.

C. Experimental results

The effectiveness of the proposed drive system has been
verified by experimental tests obtained with a small-
scale prototype. Fig. 9 shows very well the capability of
the drive system to operate at constant power in a very
wide speed range. The motor starts from standstill and
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Fig. 9. Behaviour of the motor in the low, intermediate and high speed
range. (a) output torque (25 Nnv/div); (b) output power (1.5 kW/div);

(e) excitation enrrent (3 A/div) v < eneed

reaches the base speed at constant torque. Then, operat-
ing at constant power, reaches 8 times the base speed. In
the high-speed region i, decreases and tends to a limit
value as the speed increases.

5. CONCLUSION

A new diesel-electric ship propulsion system has been
presented in this paper. This solution is based on the
combination of a dual two-level converter with a WR-
SM drive. It allows optimal sizing, high efficiency and
high reliability of the whole drive system. The proposed
structure is considered of great interest, in particular, for
reducing the fuel consumption of a fish boat operative
mission.
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