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Abstract—Hybrid vehicles are a characteristic feature of the
daily traffic yet, with growing fuel costs and other factors
increasing their importance in the nearest future even more.
Nevertheless, hybrid vehicles are not a mass product up to now.
Although the life cycle costs of the hybrid cars are usually smaller
than the costs for comparable fuel vehicles, the main purchase
criteria for vehicles are still the acquisition costs, leading to
a preference for conventional fuel cars. So as to increase the
number of hybrid vehicles, the production costs have to be
lowered.In hybrid vehicles, the energy distribution system causes
a significant share of volume and costs. One part of this system
is the dc-dc converter that transfers power between the low-
and high-voltage buses. In order to reduce the costs and the
volume of this converter, two new concepts for integrating the
dc-dc converter functionality into the traction drive system have
been presented in [1]. This paper will present different switching
strategies to improve the efficiency of the total system. Starting
from the phase-shift modulation known from the conventional
Dual Active Bridge, the switching instants are optimized regard-
ing efficiency to obtain the optimal modulation. In addition, a
concept with multiple switching during the inverter’s switching
period is analyzed as well as a slightly modified system, where
one leg of the dc-dc converter is implemented as a three-
level switch. These four switching strategies are analyzed and
compared. In addition, measurement results are shown to verify
the calculations.

I. INTRODUCTION

Rising fuel costs and an increasing environmental con-
sciousness give rise to a growing interest in hybrid vehicles.
Nevertheless, hybrid vehicles are not a mass product up to
now. To increase the number of hybrid vehicles, the production
costs have to be lowered.

Conventional mild and full hybrid electric vehicles usually
have two different voltage levels. The 14V dc bus with the
traditional loads such as fans and lighting systems is often sup-

plied by a 12V battery. Another high-voltage 200 V:::600V dc
bus provides the necessary power for the propulsion system,
and is connected to the low-voltage bus via a bidirectional
dc-dc converter. As the power ratings for the propulsion system
are relatively high, it would be desirable for mild and full
hybrids to feed the propulsion system from the high-voltage
bus [2]. Therefore, the dc-dc converter needs to have a galvanic
isolation for safety reasons. The electric machine is supplied
by a three phase dc-ac converter connected to the high-voltage
bus.
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(c) Proposed integrated dc-dc converter: MFCS-11

Figure 1: Multi Functional Converter Systems (MFCS).
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In order to reduce the costs of the electric system and
increase the power density for decreasing the total production
costs of the hybrid vehicle, the dc-dc converter linking the
low- and high-voltage bus could be functionally integrated
into the inverter and/or electric machine. There are mainly
two types of integration. In a first step, the motor’s zero-
phase system could be utilized. For example, in [3] a possible
integration of the dc-dc converter in the inverter system is
presented, but it is applicable only for split-phase motors.
Another integration possibility is described in [4], which is,
however, not galvanically isolated since the high-voltage bus
is omitted and the electrical machine is fed from 42V. In
addition, the output voltage Vqout of the dc-dc converter cannot
be controlled in every operating region of the drive system.
If the inverter operates for example in the six-step mode, the
switching state of the inverter is totally determined. There is no
degree of freedom for controlling the output voltage. Similar
concepts without galvanic isolation have been presented in [5],
[6], [7], and [8]. In a second step, the motor’s iron could be
used additionally for integrating the transformer as presented
in [9] and [10], but these systems are relative voluminous since
they need a three-phase rectifier.

In summary, it would be ideal if the high-voltage to low-
voltage dc-dc converter has a galvanic isolation, is controllable
in all operating regions and has a single-phase rectifier. To
achieve these requirements, two integrated high-voltage to
low-voltage dc-dc converters with galvanic isolation have
been proposed in [1] and [11]. Depending on the design,
these converters can be used to transfer power bidirectionally
between the 200...600 V and the 14V or 42V bus. The starting
point is a conventional Dual Active Bridge (DAB) feeding a
high-frequency transformer (see Figure 1(a)), whose output
is rectified to the output voltage Vout. The secondary-side
rectifier could be a conventional full-bridge configuration, or
a diode rectifier, if only unipolar power transfer is required.

In the first concept, the fifth leg (i.e. legs in Figure 1(a))
of the conventional system is replaced by using the zero-
sequence voltage. There, the transformer is connected between
the star point and the midpoint of the primary-side leg four
(see Figure 1(b)). This concept is referred to as the Multi
Functional Converter System | (MFCS-I) [12] in the following.
In the second concept, the iron core of the motor is used for
integrating the transformer as shown in Figure 1(c). Compared
to the conventional machine, there is an additional secondary
winding for each phase. As these secondary windings are

connected in series, the total voltage appearing at the sec-
ondary side is proportional to the zero-sequence voltage of
the machine in the no-load case minus the voltage across
switch s4. This concept is referred to as the Multi Functional
Converter System Il (MFCS-I11) [13]. Further details on both
the systems are given in [1] and [11].

In this paper, new modulation strategies for these two
systems, the Multi Functional Converter System | and Il
(MFCS-I and MFCS-II) are presented in order to reduce
the rms currents and thus the losses. In Subsection 11, the
basic operating principle of the MFCS-I and the MFCS-II is
shortly explained by introducing an equivalent circuit for the
dc-dc converter. A more detailed analysis in Subsection 11-A
focuses on new modulation schemes to improve the efficiency.
The theoretical results, including simulations, are verified
experimentally using a 9.4 kW prototype in Section 11-B.

Il. BASIC PRINCIPLE OF OPERATION

Both concepts MFCS-I and MFCS-II are based on the
utilization of the zero-sequence voltage v, and the zero-
sequence impedance of the inverter/motor system. The zero-
sequence voltage can be calculated by v, = ~~ (51 + 57 + 53)
where 5= = 1 if switch S is closed and switch s- open
and 5= = 0 if 5= is open and s- closed (see Figure 1). Vin
denotes the input voltage. The operation of the machine is
not influenced by the integrated dc-dc converter because the
zero-sequence flux does not contribute to the momentum.

The MFCS-I shown in Figure 1(b) takes advantage of
the zero-sequence voltage to save one leg compared to the
conventional system shown in Figure 1(a). The integrated
dc-dc converter of the MFCS-I can be modeled as shown in
Figure 2(a). The time dependent voltage source v, represents
the zero-sequence voltage and vs4 describes the voltage across
the switch s, (see Figure 1(b)). These two voltage sources
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Figure 2: Equivalent circuit for the dc-dc converter.
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are connected to a circuit similar to a transformer equivalent
circuit. Voltages v¢1 and vy represent the secondary voltages
across switches s¢; and sez (see  Figure 1(b)). Ro and Lo
represent the machine’s zero-sequence resistance and induc-
tance, respectively. The IGBT and MOSFET losses and all
other ohmic losses in the inverter are included in Ry and
R¢2. The transformer is defined by its frequency dependent
winding resistances R; and R, and the leakage inductances
L ;and L ». L and Rge represent the external transformers
magnetizing inductance and iron resistance.

In the second integration concept, the MFCS-11, the galvanic
isolation is also integrated into the motor (see Figure 1(c)
in order to reduce the costs and the weight further. To do
so, additional windings must be placed in the slots together
with the conventional winding. Since the secondary windings
are connected in series, the positive- and negative-sequence
voltages, fluxes etc. add up to zero and the only relevant part
for the dc-dc converter of the inverter-machine subsystem is
the zero-sequence impedance and the zero-sequence voltage
vz. Thus, the integrated dc-dc converter of the MFCS-I1I can
be modeled as three transformers, where each therefrom has
an equivalent circuit as shown in Figure 2(b). The voltages are
the same as defined for the MFCS-I, but since the secondary
windings of these three transformers are connected in series,
only v¢1=3 and v=3 are included. Similarly, only ip=3 is in-
cluded in one transformer since the primary side windings are
connected in parallel. The IGBT and MOSFET losses and all
other ohmic losses in the inverter are again included in R¢1 and
R¢2. R1 and Ry represent the winding resistances and L ; and
L » the stray inductances of the integrated transformer. L and
REee are the integrated transformer’s magnetizing inductance
and iron resistance. Since the transformer is integrated into the
motor in the MFCS-II, it is important to notice that the zero-
sequence impedance corresponds to the transformer’s primary
side open-circuit impedance. Neglecting Rge, Ry corresponds
to the motor’s zero-sequence resistance, L ; to 1 j k times
and L, to k times the zero-sequence inductance where K is the
coupling factor. Nevertheless, the equivalent circuits for both
concepts are similar, thus allowing for a combined analysis.

A. Control

Since the MFCSs are based on the Dual Active Bridge
concept, the phase-shift modulation has also been implemented
for this system. However, the efficiency is rather poor for
smaller output powers as the reactive power related to the
output power is higher for these operating points. Therefore,

Table I: Constraints for the switching schemes.

Constraints for the switching schemes

t Vz i Vsa has zero-mean related to one inverter switching period
+ Ve i Ve has zero-mean related to one inverter switching period
+ Transferred power corresponds to the required power

it is desirable to improve the modulation strategy.

As shown above, the main inductance L of the MFCS-II
in Figure 2(b) corresponds only to a part of the zero-sequence
inductance, namely to kLo where k is the coupling factor of
the integrated transformer. Similarly, the stray inductance L 1
corresponds to (1 j K)Lo. For efficient motor operation, the
zero-sequence inductance is usually rather small and hence
also the stray and magnetizing inductance of the integrated
transformer are rather small. The magnetizing current in the
MFCS-I11 is higher than for a conventional Dual Active Bridge,
and even for small voltages applied to the system, the current
rises rather fast. These two small inductances therefore result
in higher currents and thus higher losses in the dc-dc converter
for the phase-shift modulation.

The modulation schemes have to fulfill several constraints,
which are summarized in Table I. To avoid saturation of
the transformer, it is necessary that the applied voltage has
locally a zero-mean value. This restriction means for the
fourth leg, which compensates the average value of the zero-
sequence voltage, that the relative off time —4 of s4 is deter-
mined by the zero-sequence voltage and thus the inverter’s
switching states. Using the definition of the zero-sequence
voltage v, = Yin (7 + 57 + 53), it follows that -4 = 2(-s1 +
-s2 + —s3). Further, the voltage on the secondary side of the
transformer has to have zero-mean. There might be several
possibilities for the relative on times to guarantee this, but
because they cause all the same losses, the relative off times
—st1 and —sy2 Of Sy1 and sy have been determined to be 50
percent in steady-state operation for simplicity.

In addition to these restrictions on the relative on time of the
switches, it has to be assured that the desired output power is
achieved. To do so, the steady-state currents, their rms values
and the transferred steady-state power are calculated for each
of the presented modulation schemes by forming Fourier series
of the three voltages v, vs4 and v¢ [1].

Keeping these constraints, there are several possible modu-
lation schemes.

To analyze efficiency of the modulation schemes, the losses
are split up in conduction and switching losses. The conduc-
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tion losses P are proportional to the squared rms-value, i.e.
P = c1i2,,s, and the switching losses P are depending on the
turn-on/off currents, i.e. Ps = Coiturnoff, Where a decreased
current results in lower losses (as long as soft switching is
guaranteed). Since the efficiency is not only depending on the
total losses but also on the transferred power, it is useful to
scale these losses by dividing them by the output power Pgyt.
The advantage of this scaling becomes more clear if we rewrite
the efficiency as

_ Pout _ Pout _ 1
Pin  Pout+Pc+Ps 1+ Po + Ps
Pout Pout
B 1
- 1 +C i%ms +C iturnoff '
1 Pout 2 Pout

Therefore, the scaled loss parameters give direct information
of their influence on the efficiency.

It can be seen that the actual loss-parameters depend on
the chosen system and the operating point. Nevertheless, the
implemented algorithms optimize the total efficiency and are
thus applicable for any operating point and system. For exam-
ple, these algorithms can also be applied to the conventional
Dual Active Bridge.

To illustrate the general statements, the working point
with input voltage V;»,=200V, output voltage Vo,=14V, and
rotational speed n=150rpm is chosen for the MFCS-I. The
zero-sequence current and the turn-off current of the switch
S4, Which are essential for the prototypes efficiency, are shown
here. Figure 3 depicts the scaled squared rms-value of the zero-
sequence current and the scaled turn off current of switch s,
against the output power for the phase-shift and an optimized
modulation scheme, which are described amongst others in the
following.

1) Phase-Shift Modulation: In phase-shift operation [14],
the low voltage rectifier is controlled so that half the time
switches s¢; and Sg; are closed and the other half switches
Su and sqp. Furthermore, the voltage across the lower switch
s4 of the fourth leg is controlled to be symmetrical with respect
to 'st = .. where g is the angular switching frequency.
There, the zero-sequence voltage v, is used for the time and
angle reference. The time/angle shift of the rectifier voltage
Vi = Vi1 i Ve relating to the reference is referred to as phase-
shift 7. Figure 4(a) illustrates the converter waveforms for
phase-shift operation.

It is obvious from Figure 3 that the relative losses increase
excessively for power transfers considerably smaller than the
maximum achievable output power Pax. On one hand, the ra-

Orms 'off s4
out — Phase-shift Pou — Phase Shift
--Optimal --Optimal
0.1 0.1
POH T S mm= == POIJ
0% ' ' o 05 o

max max

(a) Ratio of the squared rms cur-
rent ig to the transferred power in
dependence on Pout

(b) Ratio of the the turn-off current
1o for s4 to the transferred power
in dependence on Pout

Figure 3: Loss parameters for the prototype system with input voltage
Vin=200V, output voltage Vout=14V, rotational speed n=150 rpm.

tio of reactive power to output power increases, thus increasing
the conduction losses. On the other hand, this relative increase
of the reactive power also increases the turn on/off currents,
thus increasing also the switching losses.

2) Optimal Modulation: To improve the efficiency in the
lower power regions, an improved modulation scheme has
been developed. In phase-shift operation, the phase angle
” <4, representing the relative phase-shifts between the zero-
sequence voltage v, and the fourth-leg voltage vs4, is fixed
to ... Furthermore, the relative phase-shift ”¢, between v, and
the voltage vy, across sy is fixed to ¢ +.... For the maximum
power, there is no possibility to increase the total efficiency
for a given system, as all the phase angles are determined.
But for smaller powers, several phase angle combinations
leading to the desired power can be found, thus offering the
possibility to improve the efficiency. The optimal modulation
takes advantage of this option. In the optimal modulation
(see Figure 4(b)), *s4 and ¢ are optimized for minimal
losses with the constraints for the modulation function as
shown in Table I. In other words, for given input voltage,
output voltage, and output power, the efficiency is optimized.
Figure 3 illustrates the decrease of the rms-current and the turn
off currents (dotted) compared to the phase-shift modulation
(solid).

3) Multiple Switching: Another possibility to improve the
efficiency is to switch the switches of the fourth leg and/or the
secondary side legs more than once during a switching period
of the inverter. Figure 4(c) shows the converter waveforms
for a tripple-switching of s4. Again, this switching scheme is
only applicable for power transfers smaller than the maximum
power. But for smaller powers, the total relative off time —g4
of s4 can be distributed to several off times, thus offering the
possibility to improve the efficiency. In the multiple switching
modulation with an x-times switching, the turn on and off
times bi:::box are optimized for minimal losses with the
constraints shown in Table 1.
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Figure 4: Schematic converter waveforms: zero-sequence voltage vz, voltage vs4 across s4, voltage vi1 across si1, and voltage viz across Sto.

As the turn-on/off currents are smaller for this modulation,
the switching losses do not increase necessarily or might
even decrease. The smaller rms-currents reduce the conduction
losses, thus decreasing the total losses for certain operating
points. Nevertheless, the application of this modulation scheme
makes in general only sense if the conduction losses are
significantly higher than the switching losses.

4) Three-Level Switch: To implement the fourth leg as
a three-level switch is another possibility to improve the
converter’s efficiency. The three-level switch allows the volt-
age Vsq4 in Figure 1 to take values of not only 0 and
the input voltage Vi, (relating to the negative bus bar),
but also half the input voltage, i.e. Vi,=2. The time for
which vg4 equals Vi, during a switching period is denoted
as —vinTs and the time for which vgq equals Vin=2 is
denoted as —vin=2Ts, Where Ts is the inverter’s switching
period. As described in Table I, the fourth leg has to com-
pensate the mean value of the zero-sequence voltage, i.e.
Vé” (=s1 +-s2 + =s3) = Vin—vin + V%—v in=2 OF 5(-s1+-s2+
-s3) = -v in+%-\, in=2. For powers smaller than the maximum
power, several combinations of —yjn and —yin=> Satisfying
this sum and leading to the desired power can be found, thus
offering the possibility to improve the efficiency. In the three-
level switch modulation, the turn on and off times bq:::bs
are optimized for minimal losses with the constraints for the
modulation function as described in Table I. Figure 4(d) shows
the converter waveform for this setup. It is also possible to
combine the three-level switch with the multiple switching

Table 11: Comparison of the four modulation strategies.

Strategy Hardware Software
Phase-shift No additional No additional
Optimal No additional Look up table for
3 parameters
Multiple No additional Look up table for
switching 1+2s parameters
Three-level | Three-level switch | Look up table for
switch for the forth leg 5 parameters

modulation, increasing the degree of freedom even more. Since
this system would be even more complex and thus increasing
the size of the look up table without increasing the efficiency
considerably, this possibility is not discussed in this paper.

5) Comparison of the four modulation strategies: In the
following, the different switching strategies are compared
regarding hardware and software complexity, efficiency and
area of application. The phase-shift modulation is very easy to
implement, but the system’s efficiency decreases significantly
for power transfers smaller than the maximum power. For the
other modulations schemes, the switching instants are stored in
a lookup table. The inverter’s switching times are given. Since
the total on/off times are also given, one switching instant for
each leg can be calculated and has not to be stored. Addition-
ally, the optimized times between two operating points are
fairly linear, thus allowing to limit the number of entries. If a
feed forward control is used, 3 parameters have to be stored
for the optimal modulation. If one leg is switched x times for
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Table I11: Parameters of the prototype.

Parameter Value
# poles 8
nominal speed 1500 rpm
input voltage Vin | 200V...400V
motor power 9.4 kW
back EMFs 67.8Vrms at
er, €s and er 1000 rpm

Synchronous
machine \

Secondary
windings

Load machine
AV

Measurement
windings

Primary windings with
accessible star point

Figure 5: Prototype motor with accessible star point (and secondary windings
for MFCS-11).

Figure 6: Converter System.

the multiple switching modulation, 2x-1 parameters have to be
stored for this leg plus 2 parameters for the other two legs of
the dc-dc converter. For the three-level system, 5 parameters
have to be stored. As opposed to the other modulations, where
the hardware is not affected, one leg has to be modified to
a three level switch for the last modulation. As long as the
efficiency is tolerable high, the first two strategies are thus
superior to the others since they do not need any additional
hardware and since they have the smallest software effort.
Table 1l summarizes the comparison.

B. Design and Experimental Results of MFCS-I

A synchronous motor with accessible star point with the
parameters given in Table 111 has been designed to validate the
proposed MFCS-I. The prototype shown in Figure 5 has also

978-1-422-2812-0/09/$25.00 ©2009 IEEE
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Figure 7: Measurement and simulation results obtained with the test system.
There, the input voltage Vin=200V, output voltage Vout=14V, transferred
power pqdc ; dc = 0:6Pmax, rotational speed n=150 rpm.

Figure 8: Efficiencies.

Phase-Shift | 56
Optimal 67
Multi 69
Three-Level | 72

integrated secondary windings in order to allow the evaluation
of MFCS-II.

The converter system presented in Figure 6 includes not
only an inverter to drive the motor, but also a dc-dc converter
as shown in Figure 1(b) and (c) with the legs legs, leg:, and
legeo. To validate the three-level modulation, the fourth leg is
also implemented as a three-level switch.

The target system is based on a 50 kW machine, the dc-dc
converter having a nominal power of 1 kW. Scaling the system
down to the 9.4kW prototype machine results in a dc-dc
converter with a nominal power of 188 W.

Both the MFCS-I and MFCS-I1 have been taken into oper-
ation and they function properly with phase-shift modulation
as shown in [1] and [11] respectively. For this paper, the
new modulation schemes have been implemented and tested.
Figure 7 show the measurements for the operation of the
MFCS-1 for phase-shift (a) and optimal modulation (b). The
machine rotates at 150 rpm with an input voltage of 200V
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and an output voltage of 14 V. The dc-dc converter transfers
60% of the maximum output power. It is obvious that the
primary side rms current is smaller for the optimal modulation
and thus, in consequence of the relatively high zero-sequence
impedance, the efficiency is improved to 67% with the opti-
mal switching scheme, compared to 56% for the phase-shift
scheme. Furthermore, the measurements agree very well with
the simulations (dotted lines), which where performed with the
model presented in Subsection Il-A. Since the zero-sequence
resistance of the prototype is rather large, the efficiencies are
smaller than for normal dc-dc converters. Electrical machines
used in hybrid cars usually have higher power ratings than the
prototype machine. The relative resistance (i.e. the per-unit
resistance) decreases with machine size, and so do the relative
resistive losses as well as the relative iron losses. Therefore,
the zero-sequence resistance for machines intended for hybrid
vehicles is smaller than that of the prototype machine even for
high frequencies, which means that the losses decrease and the
efficiency increases significantly for the real application [1].
To have an estimate of the efficiency of the target system,
the zero-sequence impedance of a 50kW motor used in a
hybrid car has been measured. Appropriate switches have been
chosen. The calculations showed that an efficiency of 87% and
more can be reached for an output power larger than 0:6P .

Table 8 summarizes the efficiencies of the dc-dc converter
of the prototype for all modulation schemes for 60% of the
maximum output power.

I1l. CONCLUSION

The total system costs and weight can be reduced by inte-
grating the dc-dc converter, which connects the low and high-
voltage buses of a hybrid vehicle, into the traction inverter and
the electrical machine. With the integration concept MFCS-I,
the inverter and the machine are used to implement a primary
bridge leg of an isolated full bridge dc-dc converter. The
MFCS-II offers an even higher degree of integration, since
it allows not only to replace one leg of the dc-dc converter by
the inverter stage, but also to fully integrate the transformer in
the machine. In this paper, new switching strategies to improve
the efficiency of these two converter systems are presented and
verified by simulations and measurements.

In order to validate the switching strategies a scaled pro-
totype with a 9.4kW machine and a dc-dc converter has
been constructed. The resulting measurements agree very well
with the simulations and the analytical models. Efficiencies
of about 56 percent were measured for phase-shift operation

and 67 percent for the optimal modulation. The efficiency can
be increased with the multiple switching or the three-level
scheme. For the target system, efficiencies of 87 percent and
more can be achieved through these modulations.
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