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Abstract

In recent years, more and more components in vehicles have been electrified in order to improve the
safety and comfort of the passengers as well as the driving performance. Owing to these developments,
it has become increasingly difficult to guarantee the voltage stability within the 12V as well as the high
voltage power bus.

However, a new degree of freedom arises, as the two power nets are connected in order to exchange
energy. As a consequence, they are able to stabilize their voltage reciprocally. This paper deals with the
analysis of how two voltage levels can be coupled actively in order to stabilize their voltages in power
demanding situations.

A power net test bench consisting of a 12 V power net and a high voltage power net is built. In the 12V
power net, original chassis and wiring harness are used in order to achieve the most realistic behavior.
Furthermore, there are two control modes presented. In the power control mode, the power flow is
increased preventively when the prediction model detects a critical situation that is likely to occur in
the near future. In the voltage control mode, the voltage controller of the DC chopper converter is used
to stabilize the power net voltage in real time. Both control methods can easily be implemented into a
universal power distribution management system.

The voltage control mode is experimentally investigated at the power net test bench and it is shown that
the minimum voltage in very power-consuming driving situations is increased by about 1.5V per 1000 W
of applied power supplied by the DC chopper converter.

Keywords: chopper, control system, DC-DC, power, power management

1 Introduction and Motivation e In today’s luxury class vehicles there are up
to 80 ECUs [1,2]. More and more compo-

nents, which were previously mechanically

In recent years, there has been a movement to- driven, are now electrically operated [3].
ward increasing electrification in conventional

automotive vehicles. Both the quantity of elec-

tronic control units and the dynamics of the e [oads such as electrical power steering or
power consumption of the loads power have in- chassis control systems consume up to 2 kW
creased: peak power [4, 5].
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Due to these developments, it has become more
and more difficult to guarantee voltage stability
within the 12 V power system [6-9].

These developments lead to voltage instability in
situations when a sudden power increase occurs
such as swerving maneuvers or parking maneu-
vers (see Section 4, Voltage Drops, for further
explanations). These voltage drops in the power
nets of conventional vehicles can be noticed by
the passengers, for example by light flickering or
malfunction of electric control units. As a re-
sult, there have been a lot of considerations on
how to modify the architecture of the automo-
tive electrical power systems in the past twenty
years [10-12]. About ten years ago, the intro-
duction of an additional 42 V level was being dis-
cussed in order to reduce the currents drawn from
the power net as well as the voltage fluctuations
that are caused by high power loads [13, 14].

Furthermore, in the development of hybrid elec-
tric vehicles and pure electric vehicles that is
currently happening, the electric peak power has
reached a new level again. On the other hand,
the voltage level is much higher than in conven-
tional vehicles and, at first glance, the currents as
well as the voltage drops are lower. However, ef-
ficiency plays an important role in electric cars.
So in fact, all components of the power buses—
e.g. wirings or the battery—are designed to take
as little space and weight as possible. In this case,
efficiency is defined so that the relation between
consumed power and installed power is as high as
possible. Therefore, automotive power nets must
operate close to their limits, no matter whether
implemented in conventional or electric vehicles.

In this context, it becomes apparent that voltage
drops are a real challenge in both 12V and high
voltage power nets. However, a new degree of
freedom arises, as the two power nets are con-
nected in order to exchange energy. As a con-
sequence, they are able to stabilize their voltage
reciprocally.

Therefore, there are two central questions in the
focus of this paper:

e How significant is the stabilizing effect of
two power nets with different voltage levels
stabilizing each other in power demanding
situations?

e How can a power distribution management
system be designed that efficiently manages
the coupling between the voltage levels?
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2 Goals and Approach

This paper deals with the coupling of two volt-
age levels in automotive power buses, in order to
stabilize their voltage. For this purpose, a power
net test bench is built up that provides a realistic
replication of a multi voltage level power net. Af-
ter the occurrence of voltage drops is described,
suggestions are made on how an active power
distribution management may control the power
flow between the two voltage levels, in order to
improve the voltage stability.

Furthermore, it is examined in practical tests at
the test bench, to what extend both power nets are
able to stabilize each other. Finally, a conclusion
and an outlook are provided.

3 Test Benches

This section briefly describes the set-up of the
two power net test benches and their connec-
tion. Ref. [15] provides a description of the 12V
power net test bench in detail.

Initially, the components involved in the 12V
power net test bench are described, followed by
the components of the second voltage level. Fi-
nally, control and measurement as well as the
connection between both of the voltage levels are
presented.

3.1 12V Power Net Test Bench

The goal of the 12V power net test bench is
to provide a realistic replication of a vehicular
power net that can be “virtually cruised around”
in arbitrary driving situations and environmen-
tal scenarios. The whole installation is shown in
Fig. 1. In the following, the components of the
test bench are briefly described:

3.1.1 Storage/Battery

Real batteries are used for the test bench. Sev-
eral commercial battery sizes can be employed
to model all car sizes, ranging from compact to
luxury class cars.

3.1.2 Source/Alternator

The alternator is emulated by a physical model,
which is executed on a real time system and a
regulated 300 A power supply unit. Moreover, it
is possible to integrate real alternators powered
by a electric machine that emulates the behavior
of the internal combustion engine.
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Figure 1: The power net test bench bases on a lux-
ury class car body and wiring harness. Further com-
ponents are battery, alternator, and several regulated
electronic loads with high dynamics.

3.1.3 Electric Loads

Since only the terminal behavior of the ECUs
and not the internal functionality is of interest,
the ECUs and actors themselves are not built
in. They are substituted by regulated electronic
loads instead, which can demand specific power
profiles and emulate the behavior of the real
loads.

The structure of up to 80 electric loads is very
complex in today’s cars. However, it is possible
to reduce the complexity retaining nearly con-
stant accuracy as presented in [7]. For example,
two loads using the same distribution box and
grounding bolt can be substituted by a common
load module or, in other cases, several smaller
loads can be combined to form a larger load mod-
ule. While placing the electric loads, the power
bus’ structure is strictly taken into account.

On the whole, there are 24 load modules built in.
Some of these are implemented with very high
dynamics (200 A per 1 pus), emulating the actors
with highest dynamic demands like the power
steering actor, chassis control systems, and the
audio amplifier.

3.1.4 Wiring Harness and Chassis Ground

For a realistic analysis of the behavior of the
voltage, the distributed structure must be repro-
duced as accurately as possible: Thus, the exact
location of loads, power distribution units, fuse
boxes, and clamp control is important. In this
test bench, a real wiring harness of a luxury class
vehicle is used. The negative terminals of all
components are connected via wires to ground-
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ing bolts that are welded to the car body, which
serves as the return conductor to close the cir-
cuits between the negative terminals of compo-
nents and the battery. Fig. 1 shows all compo-
nents integrated in the car body.

3.2 Second Voltage Level Test Bench

3.2.1 Wiring Harness and Architecture

In contrast to the 12 V power net, the high voltage
power net is not a replication of the power net
architecture of a real car. The reason for this is
that the focus lies on the coupling between the
two voltage levels and not on the voltage effects
within the wiring harness. The voltage behavior
can be studied at the 12 V power net test bench
and the results can be transferred to other voltage
levels (detailed investigations can be found in [7,
15]).

Since the absolute voltage level is not relevant to
analyze the coupling of voltage levels, a voltage
level of about 48 V is chosen for reasons of safety
and convenience.

The dimensioning of the components like stor-
age or loads follows those of today’s commercial
mild hybrid electric vehicles. In doing so, a mar-
ket analysis is carried out considering the power
net’s components of different hybrid electric ve-
hicles as the BMW ActiveHybrid 7 (2009). The
average values of the found data are used to di-
mension the components of the test bench.

3.2.2 Battery

A lithium iron phosphate battery consisting of 64
single cells is built in (see Fig. 3). Its capacity is
40 Ah and the open-circuit voltage is 51.2V (16
3.2V cells in series). The most important battery
parameters like temperature, state of charge, and
charge are monitored by a control unit, which is
directly integrated into the battery housing.

3.2.3 Source

A regulated 10kW power supply unit with very
high dynamics (min. 267 W per ps) is integrated.

3.2.4 Loads

A regulated electronic load functions as energy
and power sink, respectively. It can emulate
loads up to a power of 7.8 kW. Due to the dynam-
ics of up to 240 A in 50 ps, high dynamic loads
can also be emulated. Thus, in combination with
the power supply unit and a real time model, the
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behavior of the electric machine of a hybrid elec-
tric or pure electric vehicle can be emulated. For
this purpose, an interface to a vehicle simulation
tool [16] is currently being developed.

All components are built in a switch cabinet that
is shown in Fig. 2.

3.3 Control and Measurement

Both control and measurement of the the test
bench is realized in LabVIEW [17]. The Lab-
VIEW program controls the load’s power pro-
files, as well as the real time model of the alter-
nator.

A grid of over fifty voltage and current measure-
ment points reports the state of the 12V power
net. That amount of sensors is necessary because
of the potential drops within the wiring harness
and the car body. Furthermore, there are nine ad-
ditional voltage and current measurement points
built in the high voltage power net. The inter-
face to the system’s environment allows simulat-
ing recorded driving cycles as well as critical sit-
uations like the braking and swerving maneuver
mentioned in the next chapter.

3.4 Coupling of the two Voltage Levels

Both voltage levels are coupled by a DC chop-
per converter. DC chopper converters for auto-
motive applications are an object of research and
development as in [18,19]. The maximum trans-
fer power of the used device is 1.2kW, i.e. the
maximum currents are 200 A on the 12V side
and 50 A on the 48 V side.

The wiring between the two voltage levels is im-
plemented using low-inductive wires because of
a distance of about four meters between the 12V
test bench and the switch cabinet that contains all
components of the high voltage test bench. The
ohmic resistance of the wirings can be compen-
sated by the control algorithm.

4 Voltage Drops

During normal operation, the alternator (Alt.) is
able to supply all power demands. In case of a su-
perposition of the power peaks of several loads,
the alternator can reach its limits—especially in
driving situations of low velocity. In such cases,
the battery has to supply the difference between
the alternator’s power supply and the power de-
mand of all consumer loads. Furthermore, the
alternator is not able to follow the dynamics of
the loads and the battery generally has to buffer
the transient power peaks. In these situations,
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Figure 2: The components of the second voltage level
test bench that are built in a test bench. The battery is
separately placed, see Fig. 3.
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Figure 3: The lithium iron phosphate battery of the
high voltage power net.

the voltage drops from about 14V to less than
12 V (depending on the load of the internal resis-
tance battery). Further voltage drops occur in the
wiring harness, the distribution and fuse boxes,
and the car body as return conductor. Fig. 4
shows the test sequence of the experimental in-
vestigations (Section 7), which consists of sev-
eral critical driving maneuvers.

Using a fully charged battery, the minimum volt-
age is about 11.9V at the battery (see Fig. 4)
and less than 10V at the load in the braking
and swerving maneuver. More significant volt-
age drops occur if the battery is discharged. At
voltages below 9V, most loads encounter diffi-
culties fulfilling their functions or even lead to
malfunctions that can be perceived by the pas-
sengers as described in the introduction (Section

1).

5 Power Distribution Manage-
ment
Plenty of countermeasures exist to stabilize the

voltage in critical situations (these measures are
described in [7] in detail):

e increasing the alternators power predic-
tively

e cqualizing of power peaks

e degrading of loads such as heating elements
temporarily

Due to the limited dynamics of the alternator and
the loads, most of these measures can only be
initiated in advance.
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In [20] a power management system was pre-
sented that is able to coordinate the mentioned
measures efficiently using cybernetic methods.
Cybernetics was coined by Norbert Wiener learn-
ing from nature and transferring control methods
and processes from nature into engineering and
technology [21,22]. Ref. [20] and [23] show that
the control of a complex system with an unknown
control path becomes more effective using de-
centralized, intelligent components. Cybernetic,
intelligent loads that can autonomously react to
the power situation are presented in [24].

When dealing with more than one voltage level,
another countermeasure exists: The power flow
of the DC chopper converter between the two
power nets. The current of the DC chopper con-
verter commonly depends only on long term en-
ergetic key figures such as the state of charge of
the battery. In the next part of this paper, it is
discussed whether and how a cybernetic and in-
telligent DC chopper converter is able to stabilize
the voltage of each power net. In this way, short
term power and stability figures become part of
the control strategy of the DC chopper converter
that is integrated in the cybernetic power distri-
bution management system.

6 Cybernetic DC Chopper Con-
verter

In the cybernetic power management, the DC
chopper converter is modeled as a bidirectional
electric-electric energy converter.! It can be used
in two operation modes:

6.1 Current/Power Control Mode

If the power distribution management predicts a
power-critical event in the near future, it will be
possible to condition the power net and its com-
ponents. Without having a second power net,
the alternator’s current can be increased, for in-
stance.? Here, the current of the DC chopper con-
verter can be predictively increased. Likewise,
the voltage at the terminals of the battery and in
the whole power net increases. While the criti-
cal event is occurring, the absolute voltage drops
are the same, but their minimum is on a higher
voltage level, which results in a stabilization ef-
fect on each component of the power net. Due

"Loads are analogly modeled as electro-mechanic con-
verter, electric-thermal converter and the like. The alterna-
tor is modeled as a mechanic-electric energy converter.

2Current and Power can be converted into each other by
multiplying by the power net voltage.
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to the similarity of the DC chopper converter in-
creasing its current, the alternator increasing its
current, or the loads decreasing their current, the
same interface can be used by the power manage-
ment in all cases. Hence, the power management
system does not need to distinguish between the
components. From the perspective of the power
management, all components are only assessed
by their capability to increase (sources) or de-
crease (loads) their current and can be addressed
by using the same control commands. Therefore,
the DC chopper convertor can be operated by us-
ing the control algorithm presented in [24] for in-
telligent, cybernetic loads. Getting the input val-
ues

e delta current to stabilize,

e time to the critical event (e.g. a driving ma-
neuver, and

e duration of the critical event,

the DC chopper converter can stabilize the volt-
age in coordination with the other components
(alternator and power reducing loads).

6.2 Voltage Control Mode

In contrast to the other components, each DC
converter mandatorily has a voltage control unit
included.? Obviously, this feature can be used to
stabilize the power net voltage: The power dis-
tribution system provides a voltage set point to
the DC chopper converter that tries to force the
power net voltage to that specific set point. If a
power load is applied, the DC chopper converter
will adjust the voltage within its possibilities.

In the next section, experimental analysis on
these two operation modes is conducted and the
results are presented.

7 Experimental Results

The goal of this analysis is to identify the fac-
tors that influence the stabilization of the vehicu-
lar power net as well as their sensitivity. There-
fore, the settings of the DC chopper converter are
varied and the resulting effect on the voltage sta-
bility is analyzed. In the first part of this section,
the set-up of the sensitivity analysis is described.
Following, the results of the voltage stability test
at the power net test bench are presented.

3The alternator has a voltage control included as well,
but its dynamics are limited to avoid unwanted retro-activity
to the internal combustion engine.
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7.1 Set-up and Test Sequence of Sensi-
tivity Analysis

To achieve significant results in the sensitivity
analysis, it is necessary to simulate the environ-
ment of the power net of a real car as authentic
as possible. For this purpose a regulated 300 A
power supply unit, set to an output voltage of
56V, is coupled to the 12 'V power net test bench
(see Section 3) using a DC chopper converter.
Furthermore, the built-in power supply of the
power net test bench that emulates the 12V al-
ternator is removed so that all the power is fed
into the system via the DC chopper converter.

In order to evaluate the occurring voltage drops,
a realistic test sequence is used rather than gen-
erating a synthetic power profile as it provides
more accurate results. This test sequence was
produced by taking measurements of the current
flow in a car that drove specific, pre-defined ma-
neuvers. The most significant maneuvers therein
are those that are very power consuming and,
consequently, critical for voltage stability, such
as the braking and swerving maneuver men-
tioned above. Herein, power peaks of Electronic
Power Steering (EPS), Electronic Stability Con-
trol (ESC), and rear active steering occur.

Thus, the test sequence is composed of a
turnaround maneuver, followed by a sudden
braking and swerving maneuver, a short syn-
thetic section (ramp function), and finishes with
a repetition of the turnaround maneuver from
the beginning (see one cylce in Fig. 4). The
turnaround maneuver, which lasts for about
twelve seconds, contains three peaks of high cur-
rent demand over 100 A. The braking and swerv-
ing maneuver begins at a speed of 15km/h* at ¢
= 27 s and lasts for about 4s. Herein, the max-
imum current peak of nearly 190 A occurs. The
20 s ramp function is added to require the power
net’s capability to provide a high constant power
demand. Finally, the turnaround maneuver is re-
peated to be able to compare the voltage behavior
after some changes in the state of charge of the
batteries. The complete test sequence is about
70 s long.

The current peaks yield voltage drops as shown
in the voltage characteristic of the test sequence
in Fig. 5. The thick black line (lowest curve) ist
the voltage when the 12 V power net is not stabi-
lized by the high voltage power net. Eight local
minima (A to H) are used as characteristic points
of the sensitivity analysis. All tests are evaluated
at these characteristic points. Hence, a compari-
son becomes possible.

“about 9 mph
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Current [A]
200
150 i
100+ .
50 J— .
00 10 20 J 30 40 50 60 70

Time [s]
Figure 4: Test sequence consisting of cut-offs of a turnaround maneuver, a braking and swerving maneuver, a
linear current increase (synthetic), and again the turnaround maneuver.

Voltage [V]
14. 5 T T T T T T

13.5F

13F

12.5F

12

11.5F

D
1 1 1 1 1 1 1 1

0 10 20 30 40 50 60 70
Time [s]

Figure 5: Voltage reaction to the test sequence of Fig. 4. The current peaks yield to voltage drops. Eight local
minima (A to H) are used as characteristic points of the analysis. The thick black line is the voltage of the system
without any supply by the DC chopper converter. From red to violett the maximum power of the DC chopper
converter is increased in 100 W steps from 200 W to 1200 W.
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In the next step, the sensitivity analysis is con-
ducted and the maximum output power of the DC
chopper converter is varied. Starting at its max-
imum of 1200 W, the output power is decreased
in 200 W steps down to 0 W, the last meaning no
intervention of the DC chopper converter. In a
second part, the maximum output power is left at
a constant 1200 W but the parameters of the con-
troller of the DC chopper converter are modified
in order to observe its effect on the voltage stabi-
lization. For this purpose, there are four different
parameter settings for the controller each varying
in speed, accuracy or overshoot.

7.2 Results

It can be considered that one factor that greatly
influences the stabilization of the vehicular
power net is the maximum output power of
the DC chopper converter. Therefore, the out-
put power of the converter is varied in between
OW (that means, the DC chopper converter is
switched off) and its maximum of 1200 W and,
in steps of 100 W. For each output power setting,
voltage and current are measured and recorded
for a whole cycle of the test sequence mentioned
above. Through these measurements, it is possi-
ble to evaluate to what extend the electrical prop-
erties of the DC chopper converter have an im-
pact on the stabilizing effect. As a larger con-
verter requires more space and weight, both lim-
ited within a vehicle, as well as more money to
build it, information on this issue can be very
useful.

The voltage curves of all the 13 power settings
are shown in Fig. 5. Although it is not possible to
give an accurate estimation on the development
of the various voltage dips from this, there are
two facts that can be recognized. Firstly, when
the DC chopper converter is active (all but the
lowest line in Fig. 5), the voltages are able to re-
turn faster to their adjusted level, here 14V, as
oppose to the unsupported case where the battery
works alone. This can be seen in particular in be-
tween the second and the third voltage dip, when
the lowest line only reaches its normal level just
before the third dip, whereas most of the other
lines level out very quickly. Secondly, it is pos-
sible to observe the characteristic with which the
voltage drops when the DC converter is not able
to provide the power demand. The voltage breaks
in rapidly at first and slopes down continuously
after that. This can be seen best at the ramp func-
tion. Interestingly, all the graphs show the same
characteristic shape and gradient, only being de-
layed by an offset of the initial break-in accord-
ing to their output power setting.
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Figure 6: Minimum voltage at the characteristic
points A, B, F, and G (compare the test sequence in
Fig. 4) versus the applied power supplied by the DC
chopper converter.
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Figure 7: Minimum voltage at the characteristic
points C and H (compare the test sequence in Fig. 4)
versus the applied power supplied by the DC chopper
converter.
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Figure 8: Minimum voltage at the characteristic
points D and E (compare the test sequence in Fig. 4)
versus the applied power supplied by the DC chopper
converter.

For a detailed examination on this issue eight
points of interest are defined within the test se-
quence, developments of these points are evalu-
ated for the different output powers. The defini-
tion can be seen in Fig. 4.

Figures 6, 7, and 8 show the development of the
voltage dips of the various points defined above
for different output power settings. In Fig. 6 and
Fig. 7, the development of the voltage drops of
the turnaround maneuver can be seen. Thereby,
the points A, B, and C are measured before, the
points F, G, and H after the synthetic ramp func-
tion and thus can be considered to happen at a
different state of charge of the battery. The rea-
son for this is that during the ramp an additional
current must be drawn from the battery for most
of the output power settings, as the DC chopper
converter is not able to provide all of the cur-
rent. The graphs show an overall linear character
that slowly flattens out toward the right end of
the graph which can be seen as reaching satura-
tion. Furthermore, it is easy to recognize that the
graphs of the first (points A and F), the second
(points B and G) and the third (points C and H)
voltage dips start to diverge below about 400 W.
This leads to the conclusion that above an output
power of 400 W the draw of energy out of the bat-
tery can be fully compensated by the DC chopper
converter before the second turnaround maneu-
ver hits in. Below an maximum output power
of 400 W the converter is still in the process of
recharging the battery and thus cannot provide
the same amount of current to support the de-
mand as with the first maneuver.
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The development of Point D in Fig. 8, which re-
sembles the braking and swerving maneuver and
which is shown in the third graph, gives a similar
characteristic. As can be seen in the same graph,
the curve of point E reaches saturation at about
1000 W. This means that above this output power
the demand of current drawn by the ramp func-
tion is always fully carried by the DC chopper
converter. Below that power the battery has to
contribute to the current demand. The more cur-
rent comes from the battery, the more the voltage
drops, again in a linear development.

All in all, the minimum voltage increases about
1.5V per 1000 W applied power supplied by the
DC chopper converter. Or, in absolute figures,
the minimum voltage is increased from 11V up
to about 12.5V for instance in the braking and
swerving maneuver.

8 Conclusions and Outlook

In this paper, the coupling of two voltage levels
in automotive power buses is analyzed. First of
all, a test bench with a multilevel voltage power
net is described that enables researching into the
active coupling of the voltage levels by a DC
chopper converter in order to stabilize their volt-
ages. In general, there are two possible control
modes: In the current/power control mode, the
power flow is increased preventively when the
prediction model detects a critical situation prob-
ably occurring in the near future. In the voltage
control mode, the voltage controller of the DC
chopper converter is used to stabilize the power
net voltage in real-time. In the experimental sec-
tion, this stabilization method is analyzed. It is
shown that the minimum voltage in very power-
consuming driving situations is increased about
1.5V per 1000 W applied power supplied by the
DC chopper converter. Thus, there can be an
appreciable stabilizing effect by the coupling of
two voltage levels. In the future, these measures
should be included in the power management
system that is presented in [20]. At the moment,
there are only measures like increasing the alter-
nators power or degrading of low-priority loads
implemented. The stabilization by coupling the
two power nets would improve the effectiveness
of the system.
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