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Abstract: This paper takes a methodical view on the control and security of medium power DC systems in a dynamic
appropriation control system considering fault current constraining, system control and converter outline. Lessened
terminal capacitance and additional DC impedance are utilized to confine DC fault current and decrease the required
converter current rating for medium power DC systems. A versatile DC control stabilizer is proposed to reduce possible
system unsteadiness brought by the fault current constraining settings within the sight of constant power load. The impact
of the present constraining strategy and the proposed stabilizer on DC fault current and security improvement are
approved by simulation with fuzzy logic controller considers utilizing a straight forward two-converter DC circuitry and a
multi-terminal DC circuitry in a dynamic conveyance control system and compare the results with PI controller.

I. INTRODUCTION

DC control system has again turned into an appealing alternative in control transmission and circulation because of
expanding power converter infiltrations in current power systems [1]. Present day control gadgets converter based DC control
systems can enable conventional AC to control systems to adapt to emerging sustainable power era and Electric Vehicle (EV)
issues with more adaptable controllability [2]. A DC control system can likewise profit by less difficult control contrasted
with AC systems with no worry on recurrence and receptive power. Besides, DC joins transmit control with no requirement
for synchronizing the between associated AC sides [3]. Such elements influence DC to control system a promising answer for
associate substantial AC control matrices and reconfigure medium voltage conveyance control systems [4].

With regards to the power dissemination system, DC systems likewise rearrange the incorporation of the standard
sustainable eras, photovoltaic and wind turbines for example, in that capacity eras all contain DC joins. On the off chance
that these DC joins are associated together alongside stockpiles and DC stacks, a DC microgrid is shaped [5-8]. A typical
DC/AC converter in such systems can spare coincidental cost and conceivably offer ascent to bring down change misfortune
if most vitality are devoured and put away on the DC side [6]. The idea of the DC microgrid can be stretched out to medium
power circulation system with various DC/AC associations with shape a future dynamic appropriation control system [9]. For
example, the proposed DC circuitry can be increased up to a few kilometers between weak AC feeders. This makes the
system to improve extra AC voltage control capacity and redistribute its moment control flow in a consistent and more ideal
path than a hard switch based dynamic conveyance control system without expanding AC fault current[10].

Assurance, and specifically the compelling insurance of the converters after a DC fault because of the releasing of
the DC interface capacitors and fault current sustaining from AC side by means of the freewheeling diodes in DC/AC
converters is one of the significant worry of present day DC control system[11][12]. Quick acting DC Circuit Breakers
(DCCBs), e.g. semiconductor base can viably confine the fault inside a brief period (regularly under 1 ms) however with
expanded cost and conduction control misfortune[13]. Then again, mechanical AC and DC Circuit Breakers have
insignificant misfortunes and lower cost yet are with moderate breaking reaction, commonly finished a couple of many little
seconds[14]. Fault Current Limiting (FCL) procedures are proposed to diminish the peak fault current and its rising rate to
encourage circuit breaking. Arrangement impedance infusion is the fundamental thought considered in DC fault current
restricting. It can be partitioned into two fundamental sorts: resistive and inductive. Superconductor based procedures are
utilized in resistive sort FCL; however they expend significant power amid consistent state operation to keep up
superconductivity[15][16]. The other sort is inductive based FCL [17] which can successfully restrain fault current rising rate
and lessen top fault current however it doesn't decrease (or may even increment at times) the aggregate releasing vitality amid
a DC fault. On the off chance that the DC current and fault vitality can be restricted to enable the converter to survive the
fault transient before current interference, AC side breakers or moderate mechanical DCCBs can give a significantly more
straightforward and financially savvy arrangement contrasted with the quick DCCB alternative.
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Consistent power loads (CPL) can possibly present system unsteadiness in a DC control system. The adjustment of
CPLs in a little scale DC organize inside a restricted range has been all around contemplated[18-19]. Including physical
resistors were at first proposed however with impressive power misfortunes. Dynamic damping was proposed from that
point.

The measure taken for fault current constraining utilizing expanded DC inductance and diminished DC capacitance
can additionally worry the unsteadiness issue alongside impressive appropriation length, which has once in a while been
examined some time recently. In this paper, a deliberate view on security, soundness control and converter configuration is
taken to empower the use of medium power DC system with extensive dispersion length. A versatile stabilizer is proposed to
repay neighborhood negative impedance in light of its own nearby location thus no requirement for high data transmission
worldwide data obtaining. The proposed versatile control is likewise autonomous from both the consistent power terminal
and the network side conditions, and the adaptability of having the capacity to consolidate into CPL terminal control if
required.

1. INTRODUCTION TO ACTIVE DISTRIBUTION POWER SYSTEM WITH MVDC NETWORK

With the expanding entrance of inexhaustible era on the circulation control system, the developing discontinuous
power could possibly offer ascent to over-voltage or under-voltage at the "last-mile™ feeders of a dispersion control system.
Medium power DC connections can accordingly be set in the middle of these feeble feeders to enhance their voltage profile
and give more adaptable power flow directions as is appeared in Fig 1. As the possible expanding load request of EV
charging may stimulate additionally stack crisscrossing, one alternative is to coordinate the charging station (and other
sustainable generations) on the DC connect side as appeared in Fig. 1. Along these lines the charging load flow and
discontinuous inexhaustible power can be overseen in a more adaptable manner. Such a system could additionally profit by
crisis control supply from the accusing station along of sustainable sources when there is a blackout on the AC utility

network side.
=~ 4% 4% =
f— -

Vs Vs

Feeder 1 Feeder 2

ChargingStation

Fig. 1. DC network in an active distribution power system

For a multi-terminal DC arrange inside a dynamic circulation control system, the AC/DC converters might be found
some separation far from the heaps including CPL (e.g. charging station) and for prudent reasons existing overhead line ways
might be utilized for DC appropriation. Thus, possible DC fault must be considered. Shielding the converters from DC issues
and, in the mean time, guaranteeing DC system strength when there is extensive separation between the heaps and AC/DC
converters must be managed.

111. DC FAULT AND FAULT CURRENT LIMITING

For medium power DC and dispersion organize applications, two-level VSCs are generally utilized. In this segment,
run of the mill DC fault conduct for two-level VSC based medium power DC control systems is examined.

A. DC fault of two-level VSC

In a two-level VSC based DC control system, the most basic fault is DC shaft to-post short, as is appeared by Fig. 2
where C; alludes to the terminal capacitance, L, is the AC reactance, R; and L; are the terminal impedance at the DC side,
V¢ is the terminal DC voltage, and i_pc is the present coursing through the DC impedance.

The fault drifters can be for the most part partitioned into three phases as per the dissemination of the overwhelm
fault current, which are appeared in Fig. 2. At Stage 1, the primary fault current to a great extent originates from the releasing
of the terminal capacitor. At Stage 2, the DC capacitor is completely released and the releasing current, which has come to at
its peak esteem, circles through the diodes and continuously rots. At Stage 3, fault current will bolster from the AC side
through the AC reactor L.
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Fig. 2. DC Fault at two-level VSC terminal

At organize 1, expecting all exchanging gadgets have been obstructed, the fault circuit can be displayed as a serial
RLC circuit. Expecting the resistance is moderately little for the most pessimistic scenario, the fault current is under-damped
and its reaction in time space can be assessed by

iLDC(t) = Ipealke_mSil'l((Drt + Q) (1)

where I IS the peak fault current, and a, o, and @ are the damping coefficient, reverberation recurrence and beginning edge
separately. Accepting the vitality dispersal on the resistance is unimportant at the primary swaying cycle, g can be
approximated considering the entire exchange of the put away capacitor vitality to the DC inductor toward the finish of Stage
las

ClVZdCO/2 =Ll 2peak/2 2

where Vyq is the initial capacitor voltage. Thus,

lpeak = V C./L Vo ©)

As the greater part of the put away vitality in extensive terminal capacitance needs to experience the converter diode amid the
fault, it can be deduced from (2) that the decrease of terminal capacitance can adequately lessen vitality coursing through the
diodes amid a DC fault. From (3), it can be derived that a littler terminal capacitance and bigger fault inductance can both
viably diminish the pinnacle fault current which will flow into the converter diodes in Stage 2. The rising time of the fault
current T, can be assessed by

T, = 2I1/(40,) = N L.C: /4 @)
and the average current rising rate di,pc/dt can be approximated by
diipc /dt = ipea/ Tr = Vaol4L4 (5)
From (5), it can be inferred that the inductance plays a main role in limiting the fault current rising rate.
IV. PRINCIPLES OF THE ADAPTIVE DC POWER STABILIZER

As past depicted, a decreased DC capacitances with additional impedance on the DC terminal can successfully
lessen the DC fault current. Be that as it may, such plans can possibly cause system shakiness particularly when associating
with a remote consistent power terminal. To handle this issue, a versatile DC control stabilizer is proposed for balancing out
the DC control system with little DC capacitance and extra DC terminal impedance.

In this segment, the dynamic impact brought by the additional impedance for DC fault current restricting is
investigated first to indicate how the FCL arrangement can weaken system steadiness when there is CPL in operation.

Given a point-to-point DC system as appeared in Fig. 3 (a), the elements of a solitary consistent power terminal is
broke down in recurrence space for dynamic and soundness evaluation.Characterizing the DC cut off current Ipeak for Stage
las

Ipeak = DCSCR X lgen (6)
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where DCSCR is the DC short circuit ratio and Iy, is the nominal DC current for the converter, which is defined by
lgen = Pn/Vien (7)

Substituting (6) and (7) into (3) yields

DCSCR =+/C1/ L Vgeo/luen ®)
Assuming Vg = Vgen and defining the equivalent nominal resistance Ry, as
Raen = V! lden ©)
there is , DCSCR =v/C1/ Li Ry (10)

fac Ly 0.5 km Pa

Slack terminal Fower termina

Fig. 3(a) Main circuit of Point-to-Point Medium power DC distribution System
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Fig. 3(b) Control block diagram

In a DC control system, bigger consistent power terminal tends to cause swaying when there are substantial DC
impedance and little capacitances because of the incited identical negative induction. Accepting the steady power streaming
out from the DC arrange is Py, there is

Pp = Vdcpldcp (11)

where Vy, is the local DC voltage of the constant power terminal and |, is the equivalent DC current. The equivalent small
signal resistance R, can be given by

1R, = -Py/Vep (12)

Figs. 3 (a) and (b) demonstrate the disentangled charts of a point-to-point Medium DC control dissemination system
and its control, separately. As appeared in Fig. 3 (b), FLC contains Reg(s) and Z,, where, Reg(s) is the slack terminal
controller which directs the DC voltage, and Z(s) is the proportionate virtual impedance from the slack terminal side. Reg(s)
can be communicated as the accompanying:

Re (S) = M (]_3)
P 1+ Tes)s

where k, and k; are the proportional and integral gains of the DC voltage PI controller, and T; is the current loop delay time
constant. The equivalent virtual impedance Zq4(s) can be expressed as

Zeo(s) = N(s)/D(s) (14)
N(s) = R)LC,T,s® + (RR,C, T, + RyLCy)s” + (R,Tp+ RR,Co + L)s + R, + R

D(s) = RyLC,C,Ts* + (RR,C1C, T, + RyLCC,)s® + (R,Ci T, + RR,C1C; + LC1+R,C,T,)s” + (R,C1+RC1+R;Cy)s + 1
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where L and R are the aggregate inductance and resistance between the two terminals, individually. T, alludes to the power
terminal power circle defer time consistent. An option execution is along these lines proposed to utilize a converter that can
impersonate the little signal conduct of a latent resistance without resistive power utilization.

To completely counterbalance the negative resistance, there are

1R, >-1/R, (17)
1R, > Ry/Vep (18)
1R, = 1R, + 1R, (19)

where R, is the additional virtual resistance and R,' is the net resistance subsequent to repaying the negative resistance Ry, that
can give additional positive damping to the DC terminal. The system setup is exhibited in Fig. 4 (a) where a shunt DC
stabilizer is set at the consistent power terminal to effectively mirror the uninvolved resistance. The equal virtual impedance
is appeared in Fig. 4 (b). It is conceivable to join the adjustment control into the regular dynamic current control of the CPL
terminals if their control systems can be gotten to. As is outlined in Fig. 4 (c), the stabilizer DC current iy is changed over to
the d-pivot part ig utilizing the d-hub voltage U4 and is added to the dynamic current reference when d-hub voltage situated
control is utilized for the CPL.

J |
il 'rd:F ‘Il:l'r?
— bocs - Co
|+ [
DC Stabilizer | Constant Power i
Terminal [

Fig.4(a) Physical DC stabilizer configuration
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Fig. 4(b) Equivalent virtual impedance

From DC .
Stabilizing control ds-f: 2"{".1'
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+
From active = V.
power control drgf

Fig. 4(c) Virtual DC stabilizer circuit

As can be surmised from (12), the power terminal prompts the biggest negative incremental induction while
expending the greatest power. In this manner, the virtual resistance is arranged to repay the negative induction comparing to
the most extreme power as

— 2
Rp =-V dc/Pmax (20)
I/rgf + 1 / R v Ih‘y 1 Idcr;zf
Calculated by »—
% (1D)(12)(19)(21 1+Ts 7
Ve 1oy

Fig. 5. Adaptive Control of DC Stabilizer
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In light of (19) and Fig. 4 (b), the control graph of the proposed versatile conditioner can be appeared , where a first-
arrange high-pass channel with a substantial time consistent is added to guarantee a zero normal current amid unfaltering
state. In Fig. 5, the advanced control and current circle delay is demonstrated as a first-arrange postpone whose time
consistent can be equivalent to or bigger than the exchanging cycle of the converter relying upon control usage.

IV FUZZY LOGIC CONTROLLER(FLC)

The Fuzzy Logic Controller(FLC) is one of the most popular controllers due to its logical resemblance to a human
operator. The basic principle of FLC is the knowledge base hich in turn depends upon various if then rules,likely to human
operator. Unlike other control strategies, this is simpler as there is no complex mathematical knowledge required.

The Fuzzy Logic Toolbox extends the MATLAB technical computing environment with tools for designing systems
based on fuzzy logic. The toolbox uses the simple logic rules and then implements these rules in a fuzzy inference system.
Alternatively, fuzzy inference blocks are used in Simulink and simulate the fuzzy systems within a comprehensive model of
the entire dynamic system.

Fuzzy logic controller

< ACTUATOR

Speed b

Fig. 6 Structure of Fuzzy Logic Controller

The three variables of the FLC, the error in voltage, the change in error in voltage and the output voltage, have seven
triangle membership functions for each. The basic fuzzy sets of membership functions for the variables are as shown in the
Figs.6(a),(b),(c). The fuzzy variables are expressed by linguistic variables ,positive big(PB)®, ,positive medium (PM)",
,positive small (PS)“, ,,zero (ZE)“, ,negative small (NS)“, ,negative medium (NM)®, ,negative big (NB)*, for all three
variables. A rule in the rule base can be expressed in the form: If (e is NB) and (de is NB), then (cd is PB). The rules are set
based upon the knowledge of the system and the working of the system. The numbers of rules are 49 for the seven
membership functions of the error and the change in error (inputs of the FLC).

NB NI NS ZE PE PM PB

Fig.6(a) : Membership function for error in voltage V

PS PM PB

Fig.6(b) : Membership function for change in error for voltage
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\
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Fig.6(c) : Membership function for output voltage V.

Table 1 : Rule base of FLC

e/Ae | NB | NM | NS ZE | PS | PM | PB
NB PB | PB | PB | PM | PM | PS | ZE
NM | PB | PB | PM | PM | PS | ZE | ZE
NS PB | PM | PS | PS | ZE | NM | NB
ZE PB | PM | PS | ZE | NS | NM | NB
PS PM | PS | ZE | NS | NM | NB | NB
PM PS | ZE | NS | NM | NM | NB | NB
PB ZE | NS | NM | NM | NM | NB | NB

V. SIMULATION RESULTS OF DC POWER CONDITIONER

A single constant power terminal based DC power network is set up as appeared in Fig. 7. Two-level VSCs and
extra DC impedances for additional fault constraining ability are utilized to incorporate the DC system to the AC utility
network. One VSC works as the consistent power terminal and the other is the slack terminal controlling the DC voltage. The
separation between the two converters is 2 km. A little DC-DC converter with supercapacitor based vitality stockpiling
system (ESS) is put at the consistent power terminal side as the power stabilizer. The consistent power terminal current ipr,
slack terminal current ist and the power conditioner terminal igss are characterized alongside the DC voltage of the slack
terminal Vst and with VPT as it needs.

@«@

Forder d

d_,|_|'_
|

i

Fower Uity

Fig.7. Sample system with single power terminal and conditioner
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Fig.8(a) shows oscillations in DC voltage of Slack Terminal Vst with time
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Fig.8(b) shows oscillations in DC voltage of Power Terminal Vpr with time

10 - - - - - -
05 | |

0

-0.5
-1 F
-15 ' I
B NI

-25
3 _ _ _ _ : _ I
0 1 2 3 - 5 6 7

Time(sec)

L
J1|J[|I

Ppr (MW)

Fig.8(c) shows oscillations in power at the Power Terminal Ppr with time
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Fig.8(d) shows the oscillations in constant Power Terminal current irt with time
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Fig.8(e) shows the oscillations in constant Slack Terminal current isy with time
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Fig.8(f) shows current in Energy Storage System(ESS) placed at constant power terminal as the power stabilizer

The simulation results in Fig.8 shows that the system is tested without power stabilizer with a defined power ramp
of 0.2MW/s  from the constant power terminal.
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Fig.9(a) shows the DC voltage of Slack Terminal Vst with time
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Fig.9(b) shows the DC voltage of Power Terminal Vst with time
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Fig.9(c) shows the power at the Power Terminal Ppr with time
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Fig.9(d) shows the constant Slack Terminal current ist with time
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Fig.9(e) shows the constant Power Terminal it with time
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Fig.9(f) shows the Power stabilizer consumes current with time

The Fig.9 shows the comparison between PI controller and Fuzzy Logic Controller when the DC stabilizer is
activated. The power stabilizer only consumes 50 A at its peak, which is less than 3% of the rated current of the constant

power terminal and gradually drops to zero after the ramp indicating only a small energy and power rating is required for the
storage.

VI. APPLICATION OF MVDC NETWORK WITHIN AN ACTIVE DISTRIBUTION NETWORK
A virtual DC stabilizer is joined inside the available consistent power terminal side (i.e. VSC 6) as appeared by the
specked chart in Fig. 10 and a genuine DC stabilizer is introduced at the difficult to reach control terminal of the charging

station in Fig. 8. All the DC terminals are outlined with additional fault breaking point ability and the charging station is
thought to have the capacity to disengage the DC fault current with galvanic confined topology.
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Fig.10. Active distribution power system configuration

Table 2 : Parameters of Distribution Network

Nominal Voltage and Ratings

Distribution nominal 33kV

voltage

Transmission nominal 110kV

voltage

Transmission short 200kVA

circuit rating

Transformer power 20MVA

rating

Primary inductance 0.04 p.u.

Secondary inductance 0.04 p.u.

AC distribution 0.136 'Q/km, 0.356

impedance mH/km and 0.262 nF/km

Feeder Load

Feeder 1 0.15+j0.05 p.u.

Feeder 2 0.5+j0.05 p.u.

Feeder 3 0.05+j0.01 p.u.

Feeder 4 -0.1+j0.01 p.u.

Feeder 5 -0.25j0.01 p.u.

Feeder 6 -0.05+j0.01 p.u.

Feeder 7 0.005+j0.001 p.u.
1400 | ::LIZZZY

1200 | B

1000 B

VDE3l)

L L I I L L .
0.05 01 0.15 02 0.25 03 035 04
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Fig.11(a) The DC VoltageVpcs at VSC3 which connects to feeder 3
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Fig.11(b) The DC Voltage Vpcs at VSC6 which connects to feeder 6
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Fig.11(c) The fault current behaviour lspcs at feeder 3
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Fig.11(d) The fault current behaviour lipce at feeder 6
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Fig.11(e) AC Voltage Vac3 at feeder3
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Fig.11(f) AC Voltage Vacs at feeder6
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Fig.11(g) AC fault Current behaviour lsac; at feeder 3
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Fig.11(h) AC fault behaviour lacs at feeder6

Fig.11 shows the DC fault behavior at VSC 3 (Fault 1) which is connected to feeder 3.The system imports a ramp
power of 0.25MW/s to the DC network at VSC6.when the DC fault occurs, both DC voltages at VSC3 and VSC6 falls to
zero and the DC fault currents lipcs(at VSC3) and lgpes(at VSC6) increases. The corresponding AC side fault currents lacs
and lacs also increases.
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Fig.11(i) Diode thermal stress in 1%t
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The converter IGBTs are blocked after the fault,the VSC fault current goes through the diodes.The diodes
accumulated 1%t during transient is a good indicator for considering their transient overload capability. The accumulated 1t of

diode is shown in Fig.11(i) which increases till cuurent interruption after the fault.
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Fig. 12(a) AC fault current at feeder7(fault 2) by using DC links
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Fig.12 (b) AC fault current at Feeder 7 (Fault 2) by using AC links

From the Fig.12(a) & 12(b), it is better to use DC link over the AC link,as it does not reduce the equivalent short
circuit impedance.
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Fig.13(a) Single stabilizer performance with ramp charging load,Ppc3 : Power consumed by VSC3
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Fig.13(c) Vpc : DC voltage at the charging station bus
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Fig.13(d) Peong : power discharged by the  DC stabilizer

Fig.13 shows the performance when the charging side stabilizer is activated.The stabilizing power gradually
increases,since the stabilizer function provides dynamic response due to addition of high pass filter.
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Fig.14(a) Dual stabilizer performance with power ramp at VSC6, Ppce: Power consumed by VSCB6.
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Fig.14(b) Pcharg : Power discharged from the charging station
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Fig.14(c) Vpc : DC voltage at the charging station bus
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Fig.14(d) Pcong : Power discharged by the stabilizer

When the stabilizing control is activated the oscillation is eliminated and the system is completely stable across the
whole power range.

VII. CONCLUSION

In this paper, a medium power DC system solution considering DC fault current limiting and stability for active
distribution power system has been investigated. By replacing the normal open switch with a DC link, the distribution
network achieves improved power distribution control and load ability without increasing AC fault current.

To overcome the effect of distortions in Pl controller with charging stabilizer,Fuzzy logic Controller(FLC) is
proposed. Unlike other control strategies, this is simpler as there is no complex mathematical knowledge is required. The
error in voltage ,change in error and output voltage are the basic fuzzy sets of membership functions ,which have seven
triangle membership functions for each are shown.The rulebase for FLC is shown in the tabulation.The FLC provides better
steady state stability conditions when compared to Pl controller.Hence, the proposed stabilizer on DC fault current and
security improvement are approved by simulation with FLC. The fuzzy systems within a comprenhensive model of the entire
dynamic system is simulated and the results are compared with PI controller.
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