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DC Distribution for Industrial Systems:
Opportunities and Challenges

Mesut E. BaranMember, IEEEand Nikhil R. MahajanStudent Member, IEEE

Abstract—This paper investigates the opportunities and chal- ~ PCBus

lenges associated with adopting a dc distribution scheme for indus- J
trial power systems. A prototype dc distribution system has been T = ‘
simulated to investigate the issues. One of the issues focused is the DC DC
interaction between power converters that are used to convert ac to — DC DC —
dc and dc to ac. Another challenging issue investigated is the system
grounding. These issues become challenging mainly due to the neu-
tral voltage shift associated with the power converters. The paper
shows that converter interactions can be minimized with proper Load Load [ |
filtering and control on the converters. The paper also proposes
a grounding scheme and shows that this scheme provides an ef- Gen 1 Gen 2
fective solution by keeping the neutral voltages low under normal

conditions and by limiting the fault currents during fault condi- — —
tions. With these features, dc distribution provides very reliable
and high-quality power. 7 one 7 one

7 Yoy

Rectifier 1

Index Terms—DC systems, power electronics, transient analysis. Fig. 1. DC shipboard distribution system.

high-power loads on ships, which need highly reliable and very-
high-quality power supply, made conventional ac systems very
ODAY’S many industrial plants demand highly reliablenard to maintain. The system envisioned by the Navy is illus-
supply of power. The loads in these plants have also beated in Fig. 1. Two or more generators supply power to the
come very sensitive to power supply disturbances. Recently, dte distribution bus though power electronic converters, which
distribution has been proposed to address some of these chadtify ac to dc and regulate the dc-bus voltage. The loads in a
lenges [1]-[3]. These new dc systems utilize power electroni@ven zone are served through a dc—dc converter. The ac loads
based converters to convert ac source(s) to dc and distributefigin the zone are served through the inverters which convert
power using dc lines. The converters convert dc back to acdt to ac. In this system, the dc—dc converters isolate the loads
the load, when it is needed. For the motor type loads driven ythe zone from the rest of the system, and thus any fault and
speed drives, this conversion even may not be needed, asdieurbance within a zone is confined within that zone. The rec-
speed drives then can directly be interfaced with the dc. Thugiers, similarly, isolate the ac generators from the system. The
dc distribution becomes attractive for an industrial park witkectifiers also eliminate the tight frequency regulation and syn-
heavy motor controlled loads and/or sensitive electronic loagironization requirements on the ac generators. The dc bus itself
[2]. The power converters are the main components of these sygcomes immune to the ground faults by proper grounding. The
tems. Their fast response capability facilitates the transfer—x bus also simplifies the cabling for power distribution, as more
paralleling—of alternate power sources to provide highly relpower can be transferred on a cable with dc than ac [8]. This is
able supply of power. The converters also provide very effegne of the main reasons for the Navy to consider the proposed
tive filtering against power disturbances. The emerging fuel-cejt distribution system [3].
technology is another driver for dc distribution, as the fuel cells The new solid-state power-electronics-based converters em-
produce dc power. ployed in the new dc distribution systems help overcome two of
The U.S. Navy is also considering dc distribution for shipthe main challenges associated with dc systems : reliable con-
board electric power distribution [1], [3]. The ever-increasingersion from ac/dc or dc/ac, and interruption of dc current under
both normal and fault conditions. The other challenges that need
to be addressed in these systems are the confinement of the elec-
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Fig. 2. (a) Rectifier module. (b) Inverter module.
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Fig. 3. System block diagram.

II. DC DISTRIBUTION SYSTEM techniques for controlling the switches in order to have more

The main components of a dc distribution system are tflexibility in control and also to reduce the harmonics. Fig. 2

power electronics based converters. These converters arellagtrates the rectifier and inverter modules developed for
usually bridge type and employ pulsewidth modulation (PWMimulation studies on PSCAD/EMTDC [4].
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One of the interesting phenomena associated with these type " 4Vn
of rectifiers and inverters is the neutral voltage shiff,(s in
Fig. 2); the dc negative bus potential of these devices usually 92
fluctuate with respect to the neutral of the ac side, as Fig. 2 il- 14

e

lustrates. The negative dc bus voltage of the rectifier, for ex- = 54l
ample, fluctuates between 0 and/y. (dc-bus potential). The a8 A | A A A
negative bus of the inverter, on the other hand, fluctuates with 5' : : W w W w V

respect to the neutral of its three-phase ac output about the same : : : ‘
. e . 0.1995 0.1996 01997  0.1998  0.1999 0.2
amount but in opposite direction [5]. These fluctuations create _
two major challenges. First, they show up at the neutral points Time (sec)
of the loads and generators, and thus they contribute to the Ig@p 4. Voltage fluctuations on negative dc bus.
currents between the converters that are connected to the same
dc bus in a system. Second, they affect the grounding of th ~ , —=-Neutral Voltage 1
system. Since grounding also affects the loop currents, it be
comes one of the main challenges in the design of such systerr
One of the most effective ways for reducing the interac-
tions between the converters is the effective filtering on the
converters. This will be illustrated through the simulations. +1.04
Grounding issues, however, can only be addressed by prop:
system design. .0.94
Toillustrate the challenges in grounding, consider the dc ship
board electrical system (SES) illustrated in Fig. 1. To improve
continuity of service, it is required that the system be immune
to the ground faults. In conventional ac SES this is achieved b' 4

+3.02

-2.92

. . . ! ! | |
not grounding the system. This may not be a good option for the 0.06121 0.06124 0.06126 0.06129 0.06131  0.06134
dc SES, as will be illustrated below. Time (sec)
(@
[ll. PROTOTYPESYSTEM _[1 Neutral Load Voltage
+0.4

A small-scale shipboard system was simulated using
PSCAD/ EMTDC. Fig. 3 shows the system, which has two +0.24 - f’m‘
steam turbine generators of 4160 V feeding a dc bus of 7 k\

g

WAy
\ /N f’/ m

via their rectifiers, and a load zone consisting of one dc loadZ 008 ?’ Y / \ ﬂf %

one three-phase ac load (via a three-phase inverter), and -0.08 \N / ’\ !H \"H 1

single-phase ac load (via a single phase inverter). The zone 024 L H'w/ "\~qu \rw

supplied through the 7000-800-V dc—dc buck converter, whict

serves as the service converter module for the zone. 04 o= oo X 08 505 1
The rectifier, buck converter, and the inverter modules all use

high-frequency (18 kHz) PWM schemes for switching and have Time (sec)

controllers for regulating their output voltages [6]. (b)

. . Fig. 5. Neutral voltage under ground isolation. (a) Neutral voltage of the
A. Operation Under Ground Isolation generators. (b) Neutral voltage of the load.

Consider ground isolating the prototype system, i.e., both the
generators and the loads are not grounded, and thus the wt

PWM Pulse. Generation |

system is ground isolated. Capacitances of 5 nF at the neu Fl i B

of the generators and the load are used to represent the s v Fﬁ v Fj

capacitances. Fig. 4 shows the voltage fluctuations onthe (I L o

dc bus due to neutral shift and confirms the predictions mar =~ T ZX Z§ : P
earlier. The neutral voltages of the generator and the load uni," 1 »lwm »%wm ;gjﬁ L= '{z
this condition are given in Fig. 5. These simulations indicate th " Gy 5 #1§ 3#7 IS 1

the neutral potential of the generators and the loads willbe qu | i
high—generators neutrals swing up to 5 kV and that of the lo: z& :ZN z§ §7\M Z§‘ Z§

is about the half of dc bus (400 V). The variations includerele . | "°F4 = 798

tively high frequency (higher than the switching frequency of 1

kHz), and thus contribute to significant leakage currents. TheSe. 6. Buck converter module.

quite high neutral voltages indicate that maintaining ground iso-

lation and safety in this system will be quite prohibitive. Our intributor to the high generator neutral voltages is the phase-angle
vestigation, as indicated in [5] also, indicated that the main codifference between the carrier signals used for the PWM con-




BARAN AND MAHAJAN: DC DISTRIBUTION FOR INDUSTRIAL SYSTEMS 1599
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() Fig. 8. Neural voltages under high-impedance grounding. (a) Generator
. | 3 Phase inverter neutral voltages. (b) Load neutral voltage.
- o Qutput phase voltage A .. Line A Currrent 2
same time, limit the ground currents during faults, so that gener-
120 +1.2 ators could supply power during the fault. Furthermore, we pro-
pose to use an isolation transformer (IT) in the dc—dc buck con-
04 +0.4 verter, connected between inverter and rectifier stages, as Fig. 6
= ’ - shows. This IT will isolate the zone from the rest of the system,
_0;; and thus limit the ground current interactions between the zone
041/ ' and the rest of the system.
The prototype system is modified as described with the
12 -1.2 two generators grounded through 250-p.u. neutral resistors,
: : : and the dc buck converter with an IT. Simulation results for
257 05.11 0:.12 0:.13 514 015 2 the prototype system operating under normal conditions are
: Time (sec) given in Fig. 7. Fig. 7(a) shows that the generator current
© is sinusoidal and of high power factor, as desired. Fig. 7(b)

fo 7 pert  the orotot . 1 Voltade. KV, and shows the dc-bus voltage (at the source side of the zone buck
o ®) Dce_[]gg?gﬁgge‘)’ kv?(g)r?n‘\’/g’ﬁgrsgjts&"\gzag o I?v,aagned Cu’"ae?]t,itg.re%nverter). As the figure indicates, there is only a small ripple
of about 10 V k0.2%). Finally, Fig. 7(c) shows the output

- ) ) phase voltage and current of the three-phase inverter, and
trol of the two rectifiers. Thus, by controlling this phase-anglggicates that the inverter operates as desired and provides
difference, the neutral voltages can be reduced. For example,df, perfect ac waveforms. These results show that the system
the phase angle is reduced to about, She neural voltages qyides high-quality power to the loads, i.e., regulated and
drop to about 1.8 kV. To further control the neutral voltages, We,rmonic-free voltages at the loads. This is mainly attributed to
propose to use a high impedance grounding scheme on the g&R-filtering and control adapted on the converters, as without

erators. This proposed scheme is illustrated next. them the power quality could be quite poor, as illustrated in [7].
. ) , . Fig. 8(a) shows the neutral voltages of the two generators and
B. Operation With High-Impedance Grounding the load. The figure confirms that indeed the neutral voltages of

A grounding scheme we propose involves grounding of tiieenerators are lower, about 1.1 kV, and that of the load is about
generators through high impedance. This will reduce the neutddl0 V. Thus proposed grounding scheme reduces the neutral
voltages at the generators during normal operation, and at thdtage fluctuations considerably compared with ungrounded
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Fig. 9. Operation under generator dropout. (a) Load voltage and current. (b) j ‘
DC-bus voltage. - r
0.053 ' ’
case. A fast Fourier transform (FFT) analysis on the generator 0076 |
neutral voltage indicates that the dominant harmonics are 3rd, . ; s r !
01 ¢ 0.04 0.08 0.12 0.16 0.2

9th, 15th, and 30th (switching frequency). Time (sec)

The grounding resistors on the generators, however, increases ®)
the total neutral current to about 6 A, which is still below the
acceptable limit of 15 A. Thus, selection of grounding reS|st<§trr;?ts E:“('L;:“Fgﬁﬂtijfrreﬁtgj(%”d fault on the dc bus. (a) Generator neutral
should be done to reach a compromise between the acceptable
neutral voltage and current levels. For example, if we reduce o Genlla _ GenlI b = Genld c
the grounding impedance on the system to 100 pu., the neura *043
voltages will be reduced to about 600 V, but the ground currents
will increase to about 6.5 A. Therefore, the generators should +0.2521
be grounded with as high resistance as possible to minimize
the stray currents, provided that the device insulations are higk +0.074
enough to tolerate the neutral voltage fluctuations. <

C. Operation Under Disturbances 0104

To test the performance of the system under varying distur-
bances the following conditions were simulated.
1) Generator Dropout: The reliability of the supply to loads 0.46 ‘ , : ,
in this system is assured by paralleling the two sources (genera =~~~ 006 0.09% 0.132 0.168 0204
tors). We simulated the dropout of one generator while the two Time (sec)
generators are paralleled to share the load. Fig. 9 illustrates IGad11. Generator currents following a fault on the dc bus.
voltage profiles and the dc-bus voltage during this event. These
results confirm that the quality of power does not suffer eveby grounding the negative terminal of the dc bus. Fig. 10(a)
under such a large disturbance. shows the resulting fault current, and Fig. 10(b) shows how
2) Ground Fault: One of the main benefits of high-this fault current circulates through the two generator neutrals
impedance grounding is providing service continuity undé¢note that the fault is applied at 0.1 s). Generator phase currents
ground fault conditions. To check if indeed this is the case fainder these conditions are given in Fig. 11, which confirms that
the prototype system, a fault simulation has been performegrrents increase only marginally, and thus they do not cause

-0.282
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IV. CONCLUSION

This paper has shown that the challenges associated with
the dc distribution can be addressed by proper system design.
The results, based on simulations performed on a prototype
dc system, clearly show that converter interactions can be
minimized with proper filtering and control on the converters.
The paper also proposes a grounding scheme and shows that
this scheme provides an effective solution by keeping the

+645 T neutral voltages low under normal conditions and by limiting
' 1 . | the fault currents during ground fault conditions. With these
+6 . . B age
008 0088 0096 0104 0112 012 featurgs, many anantaggs of the dq d|§trlput|on can be utilized
Time (sec) for reliable and high-quality power distribution.
(€Y
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Fig. 13. Short circuit on dc bus.

any significant overload for the generator to trip. Furthermor
Fig. 12(a) shows that the impact of the fault on the dc-bus volta
is marginal, and Fig. 12(b) shows that the load voltages are
affected in any appreciable way by the fault.

3) Short Circuit on DC Bus:Fig. 13 illustrates the fault cur-
rent on the dc bus for a short on the dc bus. The figure confirms
that the faults involving the short cicuiting the dc-bus terminals
will cause high fault current and stress on the system. In orc
to limit these fault currents, and protect the devices and the c¢
verters on the system, we need a fast and effective overcurr
protection system on the system. The power converters ag
can be tapped for this purpose, as the converters have intel
protection against overload and fault conditions. Developme
of overcurrent schemes by making use of this potential is ct.
rently under research.
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