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Optimal Power Flow Control in Parallel
Operating AC and DC Distribution Links

Aditya Shekhar, Student Member, Thiago Batista Soeiro, Member,
Yang Wu, Student Member, and Pavol Bauer, Senior Member

Abstract—DC links with back to back voltage source con-
verters are usually built alongside the existing medium volt-
age ac distribution grids for infrastructure reinforcement.
The distribution network operators need to run multiple of
such parallel ac and dc links between two substations at
optimal efficiency. This paper shows that the active power
steering capability of the dc link can be used to dynamically
vary the share of power flow in the ac link such that the
system operating efficiency is maximized for varying power
demand, grid voltage, dc link voltage, converter efficiency,
link length and conductor area. The algorithm developed
based on the derived exact and estimated solution for this
parallel ac-dc link power sharing ratio is proved through
simulations on a 10kV, 30 MVA system. The concept is
validated using experiments on a scale-down lab model.
Using case-study with adapted measured substation data
of hourly average power demand profile for one year, it is
shown that annual energy saving potential in the range of
8-92 MWh can be achieved with varying link length between
10-20 km for 5-20kV grid voltage and 185-630 mm? conduc-
tor area if the proposed optimal power flow control is used.

NOMENCLATURE

Teondii Conductor operating temperature at i iteration.

VLL.ms Line to line r.m.s. substation ac bus voltage.

Va Voltage of the dc link.

Y Ratio of active dc power flow to that of the total
active power demand at system receiving end.

Yeon y computed based on the ratio of active power
capacity of the dc and ac link conductors.

Yopt y for optimal system operating efficiency.

Msss, Mrss Efficiency of sending and receiving end converters.

Q Temperature coefficient of the link conductor.
cos 6 Receiving end operating power factor.

[. INTRODUCTION

Energy transition goals have increased the reliance on
the electrical grid and thus, imposed new requirements on
the existing alternating-current (ac) transmission and distri-
bution network infrastructure. A recent white-paper empha-
sizes the role of utility interfaced power electronics assisted
direct-current (dc) technologies in addressing many of these
challenges, particularly in medium voltage distribution net-
works [1]. For example, the use of dc interlinks in support-

Acon Cross-sectional area of a single link conductor. ing the ac power systems with bidirectional active power
Eloss Total system energy loss over one year of operationredirection, ancillary services and power outage management
fac, Tdc Single ac and dc conductor current respectively.  js explored in [2]-[5]. Further, it has been investigated that
ke Operating voltage ratio between dc & ac conductor. converting existing ac distribution links to operate under dc
l Distance between sending and receiving substation. conditions can increase the capacity of the system [6], [7].
Nac Number of conductors under ac operation.

Ny Number of conductors under dc operation. A. Motivation

B cond Total ohmic power loss in link conductors. i o ] ] )
P cony Total converter power loss. Fig. 1 shgws a simplified 111L}strat1on of a parallel opera'tlng
Plyys Total operating power loss of the system. ac and dc link structure that will emerge as such applications
Tacs Tde Single ac and dc conductor resistance in /km. are employed to restructure the grids.

Reondi Conductor operating resistance at i iteration.

Roggoc Conductor resistance at 90°C. 1 ) Pac 2 4 4 2 v
Sconvsss ~ Demand at the sending end converter station. HY MV Agk — w,\ﬂv
Sconvkss ~ Demand met by the receiving end converter station.

SRss Apparent power demand at receiving substation. dc ac MV
Tamb Ambient temperature. Bk SN dN\JT] LV
Ty, Tac  Single ac and dc conductor operating temperature. DC Link > v v v
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Fig. 1: Illustration of parallel operating dc and ac links.

The highlighted parallel ac-dc link is shown between bus
’1” and °2’ of a Medium voltage (MV) network section which
interconnects the High Voltage (HV) transmission network to
a downstream radial MV distribution grid subsequently to Low
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Voltage (LV) grids. The operating efficiency at this point-to-
point link is important because it supports the high power
demand of the entire downstream network and can be few
tens of kilometers long [8]. Further, the ac and dc link losses
disproportionately and dynamically vary with receiving end
active and reactive power demand, ac grid voltage, dc link
voltage, converter efficiency, link length and conductor area.

B. Literature Review

The bulk active power routing and reactive power support
functionality of ac grid connected Back-To-Back WVoltage
Source Converter (B2B-VSC) based dc link has been explored
in detail in [9]-[12]. However, with an ac link operating in
parallel, the ability of the VSC to steer power in both the
ac and dc paths can be utilized to maximize the operating
efficiency of the system while supporting the full reactive
power needs at node ’2’. Fundamentally, the principle of
optimal power sharing is similar to the concept applied for
parallel converters [13], but with some key differences; such
as (i) The losses in the ac and dc power flow paths depend on
dissimilar factors. For example, while there are no converter
losses in the ac path, dc link conductor losses are relatively
lower for a given power [6] (ii) The functionality, and therefore
the converter losses on each side of the B2B-VSC are different.
For example, the reactive power demand at the receiving end
node is fully supported by the respective VSC operating as an
inverter while the sending end rectifier is operating in voltage
control mode (iii) Since the distance between Node 1 and
Node 2 (ref. Fig. 1) can be in few kilometers, relatively less
locally measured information is available with receiving-end
converter controller. The demonstration of power-electronic
based realization of the optimal power flow algorithm with
dynamically varying network operating conditions is therefore,
an important focus of this work.

In [14], an integrated optimal power flow model is derived
for a hybrid ac/dc grid with focus on implementation. The
paper explores the trade-offs between accuracy and speed of
the derived model for different problem sizes. For an urban
distribution network with few existing lines refurbished from
ac to dc operation, [15] optimizes the system topology of the
resultant hybrid ac/dc grid considering investments and power
losses while accommodating renewable energy resources and
fully utilizing the transfer capacity. Network reconfigurability
of a hybrid ac-dc distribution grid is explored for optimal
operation by using a communication based two-stage energy
management system in [16]. The paper reported cost savings
of 2.35% and loss reduction of 9.75% with the proposed
optimization for a given test case of 24 hour operation in a
33-bus system. A decentralized optimization method is math-
ematically developed in [17] and its convergence properties
are explored both theoretically and experimentally in practical
hybrid ac/dc grids. Convergence properties of optimal power
flow are further explored in [18], wherein a N-node ac/dc
grid is partitioned and decoupled by distinguishing between
ac and dc nodes and their interfacing infrastructure. While
significant research has been established for optimization and
implementation of power flow models in hybrid ac/dc grids,

more insight on the potential of optimal power flow with
varying grid parameters can be of value, particularly for
applications in restructuring, refurbishing and reconfiguration
of such networks for varied operating conditions.

C. Key Contributions

The main objective of this paper is to highlight the potential
of power sharing between point to point parallel ac and dc
distribution links that can be either reconfigurable or fixed, to
maximize system efficiency for varying operating conditions
and demonstrate the concept with simulations, experiments
and case-study with adapted substation data. The specific
contributions of the work are as follows:

o Derive the analytical expression for optimal ac-dc ac-
tive power sharing ratio to gain insight on the depen-
dence with number of ac and dc conductors in the
re-configurable link, dc link voltage enhancement, grid
voltage, apparent power demand, power factor, converter
efficiency, link length and conductor cross-sectional area.

« Describe the potential energy savings with the proposed
method by performing sensitivity analysis using a case-
study with adapted annual operational data from an
existing distribution network link.

o Show simulated system operation with deployment of op-
timal active power sharing algorithm and reactive power
support using converter control.

« Develop experimental proof-of concept including sup-
porting evidence for the predicted tendencies and critical
comparison with theoretically estimated values.

D. Structure of the Paper

Section II describes the system studied and derives the
system losses as a function of various operating parameters
to establish the concept of optimal power flow for maxi-
mizing efficiency. In Section III, the analytic expression of
optimal dc power ratio is derived and the estimated value is
compared with the exact value for different operating powers
and link lengths. In Section IV, the optimal power flow
control algorithm is developed and simulations are performed
to prove the working of the concept. Using case-study with
adapted measured substation data of hourly average power
demand profile for one year, Section V determines the annual
energy saving potential for varying grid voltages, link length
and conductor area. Section VI presents the experimental
insight on the concept using a lab-scale model. Section VII
offers concluding remarks on the key contributions and future
research directions.

[I. BACKGROUND ON ACTIVE POWER SHARING AND
OPTIMAL SYSTEM EFFICIENCY

A. System Description

In Fig. 2, the system diagram is shown for a parallel ac-
dc link of a given length ‘I’ between Sending-end Substation
(SSS) and Receiving-end Substation (RSS). Such an arrange-
ment can be present in transmission and distribution networks
as suggested in [6].
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Fig. 2: Schematic Diagram of parallel operating dc and ac

links.

Table II lists the system parameters that are used for
the presented results and correspond to the refurbishment
strategy of a benchmark ac distribution link system described
in [19]. The base power physically describes the rated capacity
of a single 3-phase ac link in the system. The subsequent
subsections describe the losses in the system that are derived
in detail in [6] and develop insight on optimal power sharing
for maximizing operating efficiency.

B. Link Conductor Losses

For the given RSS power demand (Sgss) at power factor
(pf=cos 0), let the share of active power delivered by the dc
link be y within the capacity constraints explained in [6].
Considering that the RSS-side VSCs support the full load
reactive power demand, the power transferred by the ac and
dc links are [(1 —v)Srss cos 8] and [ySgrss cos 0], respectively.
With number of ac and dc link conductors N,. and Ny, the
conductor currents ¢, and 74, are described by (1) and (2),
respectively.

(1 — y)Skss cos 0 . \/3(1 — ) Srss cos 0
(%) \/ngL,rms N, aCVLL,rms

i ySrss cos V/3ySgss cos 6
o (%) V:j NdckeVLL,rms

6]

Zac -

2

Herein, k. corresponds to the ratio of line to line ac grid
voltage Vi ms and dc link voltage V4 as described by (3),

_ 2 ke VLL,rms
V3

V4 is controlled by the SSS converter for a constant k. chosen
in accordance with the operational requirements of the system.
The total ohmic conductor losses (P cong) are therefore given

by (4),

Va 3)

PL,cnnd == Nacizclrac(Acom Tac) + Ndcigclrdc(Acona Tdc) (4)

For a particular conductor current I.,,4, the operating tem-
perature Tonqx and conductor resistance R.onqx are iteratively
computed based on (5) and (6) respectively.

2
1 cond Rcond,i—l

Tcond,i = Lamb + (

90 — Tomp &)
IrzatedR9OOC ) ( o )
1+ O‘(ﬁond,i - Tamb)

1+ (90 — Tomp) )

‘1’ is the iteration step, Tymp is the ambient temperature, Rggoc
is the resistance of the conductor in ©/km at 90°C and « is
the temperature coefficient. Rreonao 1S the initial conductor
resistance assumed equal to Rggc. Fig. 3 shows the operating
parameters of the ac and dc link conductors for different Sggs
at pf=0.9 with varying y.

Apparent Power Demand (p.u
ﬁ 2 ﬂ

Rcond,i = R90°C ( (6)

o
n

(luctual/I rzlted)

Conductor Current

100 1

qe)

Conductor Temperature

Conductor Resistance
(2/km)

Fig. 3: Estimated operating current, temperature and resistance
for ac and dc link conductors for different RSS apparent power
demand at pf=0.9 with varying .

The observed variations in currents and temperature, and
therefore the resistances are in part due to the conductor
utilization corresponding to y, N,c and Ngc; and in part due
to dc voltage enhancement factor k.. The conductor utilization
is maximum for the operating point ¥y = y.on, at which the ac
and dc link conductor currents are equal. This can be derived
be equating (1) and (2), given by (7).

keN de
N, ac T keN dc

Due to differences in operating conditions for ac and dc links,
the respective conductor resistances can be different even
though Ao, is equal for both, leading to a small shift in the
optimal efficiency point. The total system efficiency is also
influenced by the losses in the dc link converters resulting

(7

Yeon =
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in a dynamic shift in the optimum dc to ac active power
ratio (Yopt), as shall be discussed in Section II-C. ycon is a
reasonable first approximation for minimizing system losses,
in particular serving as a starting value for iterative loops
required for estimating the ¥,,¢, as described in Section III.

C. Converter Losses

The theory presented in [20], [21] indicates that with
increasing operating power and voltage, higher number of
cascaded cells are favourable for optimal efficiency and perfor-
mance at a given dc link voltage. The efficiency computations
were performed based on the steady state analytical loss
model described in [22] including switching, conduction and
inductor losses and will not be repeated here in the interest of
brevity. Based on the model accounting for trade-offs between
performance and efficiency, it is determined that a half bridge
medium voltage grid connected Modular Multilevel Converter
(MMC) with 3.3kV Insulated Gate Bipolar Transistor (IGBT)
switch based 9x submodule cells is a reasonable design
choice with high efficiency for this application [23], [24].
The obtained percentage load dependent efficiency curve for
a I0MVA MMC operating at 313 Hz submodule switching
frequency is shown in Fig. 4.

99.5 T T T T T T T T T 0.5
Switching

— — —-Conduction P )
99.4 v Arm Inductors | 7 0.4 3
S 3
=993 2
> 5
5 =
2992 =
i
99.1 ~

99 0

30 40 50 60 70 80 90 100
Converter apparent power (%)

Fig. 4: Losses and Efficiency curve for DC Link modular
multilevel converter with respect to loading. [6], [23], [24]

This efficiency curve is adapted based on the substation
apparent demand as a percentage of the total full load capacity
of the converters per substation. Some deviation in the curve
can be expected with different design considerations (for ex-
ample, but not limited to, the type of switches and the number
of converters per substation) and operational conditions (such
as switching frequency, modulation, ancillary services and
RSS pf). Assuming that the reactive power demand at RSS is
fully met by the substation converter, the RSS side converter
demand Sconyrss is given by (8).

SconvRss = SRSS\/M (8)

Based on the loading, the corresponding efficiency, nrss can
be selected. At the SSS side, the converter supplies the rated
dc link power and the demand Sconysss is ideally approximated
as (9).

Sconv,sss = YSrss cos f &)

In practical scenario, Sconysss 18 slightly higher corresponding
to the losses in the dc link. The efficiency of the SSS
converter at this power demand is 7sss. The exact Sconvsss
is slightly higher corresponding to the RSS converter and dc
link conductor losses. The total converter losses (PLcony) in
the system is given by (10).

P conv = (1 = 1sss)Sconvsss + (1 — 1rss) Sconvkss ~ (10)

The total system losses I3 sy is the summation of (4) and (10),
given by (11).

(an

P, s as a percentage of Srss for different operating scemarios
is shown in Fig. 5.

PL,sys = PL,cond + PL,conv

Apparent power demand (p.u.)

(=)
T

W
T

System Losses (%)
N

w

Fig. 5: System losses as function of dc power share (y) for
different apparent power demand and link length at pf=0.9.
The yop: (dashed red) and ycon (dashed black) are highlighted.

It can be observed that .y increases with Sgss. Further-
more, an increase in link length [ increases the conductor
losses but not the converter losses, thus shifting the o in
the favour of dc operation. It can be inferred that the set point
for yopc depends on several operating factors such as Vij g, ke,
7, I, Acon> Nac> Nac, Srss and pf. The explored dependencies
will be quantitatively derived in Section III.

[1l. ANALYTIC EXPRESSION FOR OPTIMAL POWER
SHARING POINT (yopt)

The analytic expression for the optimal value of y which
will be derived is necessary to obtain insight on the various
dependencies with variables Viiyms, ke, 7, I, Acons Nacs Ndcs
Srss and pf as suggested in Section II-C. By substituting (1)
and (2) in (4) and differentiating P, .,ng With respect to y, the
expression (12) is obtained.

OPLcond 61Sasg cos? 0 y
oy V2

11,rms

b5

Tde (Z)

o)~ (w)] o
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Since the resistance of the ac and dc link conductors
(rac(?),rac (7)) are function of y, they must be iteratively
estimated based on (5) and (6). Similarly, substituting (8)
and (9) in (10) and differentiating P ..,y With respect to y,
the expression (13) is obtained.

ap conv . . .
= = Swss cos 0[(1 = nsss () + (1 = sss (1) er(1)]
(13)
. ycosf
ket (i) = (14)

V42 cos? 6 + sin? 0
The correction factor k(i) is a function of y, and thus, should
be iteratively determined during the analytic estimation of yop.
A good initial estimation for (14) is with y = %ycon, Where
Yeon can be found from (7). Similarly, 7sss(¢) and nrss(¢) are
iteratively determined functions of y. According to (11), the
first derivative of total system losses Fp s With respect to y
can be found from (15).

aPL,sys o a-PL,cond + aPL,conv
oy Oy dy
It can be inferred that the second derivative of H g with
respect to y, given by (16), is positive.

82PL’SyS: 61534 cos? 0 " 7o (1)
Oy? V2 N

1l,rms

15)

T‘dc(i)

This implies that the value of y for which (15) is equal to
zero represents the minimum F 4y for the specified operating
conditions. The optimal efficiency point, yop, is therefore
given by (17).

_ 1 Tae(2) @
Yopt = (7}\,& + %) K Nac ) a <3ZSRSS COSQ)
((1 —nsss(d) + (1 — nRSs(z‘))ka(z‘)ﬂ )

2

The analytically estimated y,p using (17) with respect to Sgss
at pf=0.9 for link lengths of 5km, 15 km and 30 km are shown
in Fig. 6 as compared to its exact solution. The value of ycon
is also highlighted.

As Sgss increases, yop is higher, indicating a greater prefer-
ence for the dc link operation. Similarly, with increasing link
lengths, the dc link must operate with higher share of power
for the system to operate with minimal losses. The associated
dependencies of oy shift with various system parameters, as
described by (17).

Suppose the actual dc link active power share is y,q =
Yopt + Ay, the deviation Ay from yep can occur due to a
number of reasons, one of them associated with the constraint
due to installed dc link converter capacity. Furthermore, if
the power sharing algorithm is not dynamically employed,
the parallel ac-dc link system will inevitable operate at a
sub-optimal efficiency point over its operational lifetime, thus
incurring avoidable losses. The impact of Ay on system losses
(AP y) is a function of operating conditions as indicated
by (12) and (13), where in a higher slope implies a greater
deviation in power losses from its minimum. The inferences

0,8 1
0,7 1
0,6
0,5 1
Exact solution of y
opt
>0.41 Estimated solution of y
0’3 T ycon
021 5km
0’1 4 15 km
30 km

0,0 T T T T T .
0,5 1,0 1,5 2,0 2,5 3,0
RSS Demand (p.u.)

Fig. 6: Analytically estimated y,p as compared to its exact
solution with varying Srss at pf=0.9 for different link lengths.

TABLE I: Tendencies in yop and AP g, with varying system
conditions (1 indicates increase and | a decrease as the
associated parameter increases).

Skss VLL,rms ke n l Acon
Yopt i 4 S I e
APLys | 1 IR

associated with the tendencies of o (from (17)) and AP gy,
(from (12),(13)) are summarized in Table 1.

The inference supports the intuitive understanding that con-
sidering all other factors constant, if increase in a specified
parameter implies a more efficient dc operation relative to the
ac link, y,p increases. Further, if this improves the efficiency
of the overall system, APL,SyS decreases. For example, an
increase in 7 makes the dc link more efficient relative to the
ac link if all other factors are assumed constant. Therefore,
Yopt increases but AP, decreases. Considering that an
increase in link length [ results in a greater increase in ac link
losses as compared to the dc link, yo, increases. However,
since the overall system losses increase, AF} 4 increases in
this case. An accurate knowledge of yop is important from
power steering control point of view, as shall be explored
in Section IV.

IV. DEVELOPED ALGORITHM AND SIMULATED DYNAMIC
PERFORMANCE

The flow diagram showing the developed algorithm for
estimation of o is shown in Fig. 7. The method is based
on the analytic equations derived in Section II and III.

A. Deployment of the Algorithm

The measured values of RSS line voltage (vyrss) and
current (¢yrss) are used to determine the total RSS power
demand (Pgrss, @rss) in Step 0. In Step 1, the initial estimate
(y(0)) at iteration i=0 is determined from (7). In step 2 and
3, all the indicated intermediate variables are estimated using
the equations highlighted in Fig. 7. The value of yop at it
iteration is calculated in step 4 and the process is repeated until
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i STEP 0
Measured :
Viirss & 1irss
it STEP 1
¥(0) = Yeon )
STEP 2
N2 N2
Calculate Calculate k¢ Calculate ige, isc
Tsss Nrss from (21) from (7), (8)
STEP 4 STEP 3 i
Calculate yqp e Calculate rgc, I kH;
from (24) l from (10), (11) i
NO ||
NO @ 5
YES |

Set Pref & Qref

Fig. 7: Algorithm for the estimation of %,y during dynamic
system operation of parallel ac-dc distribution links.

the solution converges. The convergence criterion of le-6 is
used. In the considered scenarios, the estimated ¥, converges
within the maximum allowed iterations of 5.

Optionally, if the range of operating power demand at RSS
is known, Step 1 to 4 can be used to predefine a lookup table
for the possible yp. Finally, the active and reactive power set
points (Pref,Qrer) for the output current controller of the RSS
side converters is determined. The system shown in Fig. 2
is simulated to verify the dynamic working of the developed
algorithm. The specific parameters used for the depicted results
are listed in Table III.

All ac and dc link conductors are modelled as a resistance
in series with a inductance. Substations at each side of the
link system has three MMCs of 10MVA capacity each,
corresponding to k., = 1. Each SSS side MMC is responsible
for the voltage control of an individual dc link, giving three dc
links with dedicated back to back converters in parallel with
a single three-phase ac link. The dc link voltage corresponds
to a 10kV ac grid with k. = 1.05 % /2 to comply with the
operating limits imposed by the considered arm inductance.

The developed optimal power sharing algorithm is only
required at the RSS side MMCs, each of which share one-
third of the active and reactive power demand on the dc
link system. All the simulated MMCs consist of a PLL,
output current controller, circulating current controller and arm
energy controllers as described in [25]. The insertion indices of
the MMCs are computed using direct voltage control. Specific
to parallel ac-dc links simulated in this paper zero sequence
currents (ZSC) can externally circulate via the ac and dc
links between the B2B-VSC if isolating transformer is not
present [26]. The existence and mitigation of such ZSC is
explored for parallel operating converters with shared ac and
dc buses in [27], [28] . These concepts are applied to develop
the ZSC controller for the parallel ac-dc system, as described
in [26] and is not the focus of the current paper. A detailed
information on this topic can be found in [29]-[34].

The two suggested deployment methods (i) iterative estima-
tion (ii) pre-defined lookup table where converter controllers
rely on the locally measured three-phase voltages and current
load at RSS for optimally steering the active power while
supporting the full reactive power demand. If the parallel ac-
dc link architecture is reconfigurable, as suggested in [6], the
information on the operating configuration must be available
with the RSS-side controller to correctly employ (17). With
communication between SSS and RSS, the accuracy of the
suggested method can be improved. The potential of improved
accuracy should be weighed in consideration to the amount
and resolution of available information. This aspect is beyond
the scope of this research. Further, alternate methods such as
perturb and observe can be used to find optimal operating
efficiency.

B. Simulation Results

The simulation results for optimal power flow control are
shown in Fig. 8.

-3 0.8
S
=25
O R e
z : I
£ 2 - AN 0.75
...... it s
2 [} :
s15p 5 N >
< ;I/ topt
IR R 1 0.7
= -
<
E 05 M
3
Z 0 : : : 0.65
0 2 4 6 8
Time (s)
(a)
1.5
R AC Link
DC Link
1 RSS Load ||

os) |

Normalized Reactive Power (p.u.)

-0.5
0 2 4 6 8

Time (s)
(b)

Fig. 8: Simulation results (a) Active power and y (optimal
power sharing algorithm is triggered at time ¢ = fop) (b)
Reactive power fully met by the RSS converters.

For time t< o, as the RSS load varies from 1 p.u. to 3p.u.
at pf=0.9 corresponding to the base power in Table II, the
total active power share of the three dc links corresponds to
Y = Yeon. FOr time t> top, the output of the yop algorithm
described in Fig. 7 is used to generate the reference powers for
the current controllers of the RSS MMC:s. It can be observed in
Fig. 8a that y decreases with decreasing RSS load, consistent
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with the prediction in Fig. 6. The active powers of the ac
and dc links correspondingly vary. For the entire period of
simulation, the total reactive power demand of the RSS is
supported by the three MMCs at the RSS side of the dc link.

V. CASE-STUDY FOR ENERGY SAVING POTENTIAL
A. Adapted load profile data

As highlighted previously, the system presented in Fig. 2 is
based on the proposed dc refurbishment strategy of an existing
10kV ac distribution link with physical parameters listed in
Table II, as described in [19]. The annual data for the hourly
average apparent power demand profile at the RSS of this
system is shown in Fig. 9a. The values are shown in p.u. and
the profile is adapted such that the peak demand (at 3 p.u.)
corresponds to the maximum system capacity during (n-1)
contingency. The corresponding exact solution of oy for a
link length of 5km is shown in Fig. 9b.

Hour of the day

Yopt
0,73
20
z 0,59
o
415 0,44
B
;510 0,30
i
5 0,15
S N A ———— 0,01
S o O o o o O
wv (=) v (=3 v (=3 al
— — N o
Day of the year

Fig. 9: Case-study (a) Annual hourly average apparent power
demand (b) Corresponding oy for a 10kV grid voltage
with link length and conductor area of Skm and 630 mm?
respectively.

It can be observed that the tendency of g, to increase with
demand is consistent with the theory presented in preceding
sections. The total system energy loss over one year computed
for constant power sharing ratio of 3o, and optimal ratio yop is
given by Eioss (Yeon) and Elogs (Yopt), respectively. The annual
energy saving potential (A F).) of implementing the optimal
efficiency power sharing is thus given by (18).

AE‘loss = Eloss,(ycon) - Eloss, (yopt) (18)

B. Dependence of Grid Voltage

A FE\ss as a function of link length for different grid voltages
(5kV, 10kV, 15kV and 20kV) is given in Fig. 10. Note that

the demand profile is the same as Fig. 9a in p.u. for all
cases. For a given grid voltage, the base power is described
by Spase = \/§VLL,rmsIcond,rated. While the cross-sectional area
dependent rated link conductor current is kept constant at
590 A, Spase and therefore, the Srss in MVA varies as a
function of grid voltage. Considering that g,y varies as a
function of Vi ms, [ and Sgss, the observed tendencies in
A E\s are correspondingly related to the simultaneous impact
of these parameters.
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Fig. 10: Energy Saving potential as a function of link length
for different ac grid voltages.

It can be observed that for a given Vi ms (and thus fixed
Srss MVA demand profile), AFEj,s saving potential has a
minimum at a certain link length (!Agiossmin)- This tendency
is an effect of variation in g,y and the cumulative impact of
AP, at various operating points over the year in accordance
with Table I. In the range | < [AEiossmin» Yopt iNCreases
with link length from a magnitude relatively lower than ycop.
This results in a net reduction in AFj with increasing [,
even though AP 4y has an increasing tendency. In the range
I > [AEloss,min» Yopt is greater than yc,, for relatively high
RSS power demand and the slope of its variation reduces
with [ (refer Fig. 6). Therefore, AF),s increase due to the
cumulative impact of the variation in yop relative to yeo, and
the increase in AF_ gy, due to increase in /. Finally, the energy
savings increase with grid voltage for short link lengths, while
decrease with increasing grid voltage for relatively longer link
lengths. Furthermore, the [Agjossmin increases with increasing
grid voltage.

C. Dependence of Conductor Area

AFEss as a function of link length for different link con-
ductor area (630 mm?, 400 mm?, 240 mm? and 185 mm?) is
given in Fig. 11. The grid voltage is taken constant at 10kV
and therefore, Spase varies as a function of Icondraed- It can
be observed that the variation of AFE) as a function of link
conductor area is relatively less significant as compared to [
and VLL,rms-

In Fig. 10 and Fig. 11, the depicted points pt;, pt, and
pt; show that energy saving potential of 8-92MW exists
for range of link length between 10-20km, grid voltage 5-
20kV and conductor cross-sectional area of 185-630 mm?. The
expected savings can be extrapolated based on the tendencies
highlighted in the preceding discussion.
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Fig. 11: Energy Saving potential as a function of link length
for different link conductor area.

D. Error Analysis

The practical parameters are different than the theoretically
estimated values, leading to deviation Ay from the actual
Yopt-The source of this error is a cumulative impact of the
estimation error for the parameters in (17). Fig. 12 and Fig. 13
show the additional losses incurred annually by a deviation of
Ay=5% and Ay=3 % for different link lengths, grid voltage
and conductor cross-sectional area respectively.

150 : : :
—— 10KV, Ay=5%
——— 20KV, Ay=5%
— == 10KV, Ay=3%

100 — — 20 kv, Ay=3%

50

Additional Losses (MWh)
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Fig. 12: Additional losses due to sub-optimal y as a function
of link length for different ac grid voltages.
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Fig. 13: Additional losses due to sub-optimal y as a function
of link length for different cross-sectional area.

It can be observed that the incurred losses increase with link
length but are less sensitive to variation in grid voltage and
cross-sectional area. These tendencies of the estimation error
in yop and its corresponding impact on actual system losses
should be compared with the potential energy savings for the
given operational conditions as highlighted in the preceding
sections. If marginally positive or negative change in system
efficiency is expected, the option of operating the system at
Yeon May be considered.

VI. EXPERIMENTAL RESULTS
A. Test Setup

Fig. 14 shows the parallel ac-dc link set-up used to emulate
the equivalent circuit shown in Fig. 2.

Fig. 14: Test Setup used to validate key control concepts.

2-level voltage sourced converters consisting of three half
bridge IGBTs with ac side LCL filter are used in a back-to-
back dc link system connected in parallel with the ac link to
steer active power from the 3-phase ac source at SSS side to
a constant power load (CPL) at RSS side. The parameters of
the test converter used in the experimental set-up are given
in Table IV.

The conductors of parallel ac and dc links are represented
by six resistances ;- 2. The switches are connected such that
resistances R, R, and Rj3 operate as three phase ac link while
resistances Rs and Re operate as positive and negative pole
conductors of the dc link respectively. Each ac link conductor
resistance is 6 2 while dc link resistance is 22 such that the
operating condition with 3x ac conductors and 6x dc link
conductors is emulated in the experiments. An oscilloscope
is used to measure the ac link current (i,.), dc link current
(iqc) and the output ac current of the VSC at the RSS side of
the dc link (Zyserss). Further, the line to line voltages of the
RSS bus is also measured.

B. Measured waveforms and optimal efficiency

Fig. 15 shows typical waveforms of current and voltages
with varying y. The oscilloscope settings are shared in the "In-
strumentation’ section in the Appendix. From the waveforms,
the actual active power share ratio y can be determined.

It can be observed that the dc link can steer the active power
in parallel ac-dc link system for a given load. The measured
current waveforms show that the ZSC controller is successfully
mitigating the common mode currents even though isolating
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Fig. 15: Measured waveforms of parallel ac-dc link set-up with (a) y =0 (b) y = 0.52 (¢) y = 0.68 (d) y = 1.

transformer is not employed between the parallel ac-dc links
at RSS. Furthermore, Fig. 15(d) demonstrates the ability of
the dc link to reduce the ac link current to near zero. This
ability can be utilized for substation bus transfer and online
reconfiguration applications in future.

A three-phase power analyzer was installed to measure the
power outflow from SSS and RSS node so that operating
system efficiency could be determined. Fig. 16 shows the
measured system efficiency as a function of y for a RSS load
of 3.5kW (blue) and 4kW (red).
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Fig. 16: Measured system efficiency as a function of y.

Note that as the share of dc link power increases for
a given load power, the RSS side voltage increase due to
lower voltage drop in the ac link resistances. To keep the
power drawn constant, the CPL was used to correct for this
effect with varying y. It can be seen that system efficiency

reduces both for relatively high and low values of y, giving
an optimal sharing point as discussed in Section III. The
theoretical estimate of yop and yeon considering converter
efficiency at 94 % is highlighted. It can be observed that the
system efficiency is lower if the power sharing is decided
based on the thermal capacity of the ac and dc link conductors.

This optimal point shifts with operational conditions. For
example, it can be observed from Fig. 16 that when load
power increases from 3.5kW to 4kW, the measured optimal
efficiency power sharing ratio increases, consistent with the
theory presented in Section III.

C. Critical Comparison

It can be observed in Figure 16 that at 4 kW, the maximum
system efficiency of 86.68 % is measured at y = 0.56 and
corresponds with the theoretically estimated value. However, at
lower power of 3.5 kW, the maximum efficiency is at a slightly
higher y as compared to the theoretical value. This deviation
can be attributed to individual power-efficiency curves of the
SSS and RSS VSCs. While measured converter efficiency
curves can improve estimation accuracy at lower operating
powers, this can increase the computational complexity and/or
communication requirements. It is necessary to weigh this
operational trade-off against the achieved benefit, for example
an improvement of system efficiency by 0.3 % in this test
result.

VIl. CONCLUSION AND FUTURE WORK

This paper proves that a back to back dc link can be
operated in parallel with an ac distribution link to optimally
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steer the active power while supporting the full reactive power
at receiving end. The specific conclusions are as follows:

o The derived analytical expression suggests that the op-
timal dc to ac link active power sharing ratio gop in-
creases with increase in total power demand, link length,
converter efficiency and dc to ac voltage enhancement
ratio, while decreases with conductor area and ac grid
voltage. With deviation in system operating point from
this optimal ratio, the additional system losses tend to
decrease with increase in ac grid voltage, dc to ac voltage
enhancement ratio, converter efficiency and conductor
area, while increase with power demand and link length.

« Sensitivity analysis on the above mentioned operating
parameters with adapted data from a practical grid case-
study indicates the trends in the competing influence
of these variations on yop and AF s as compared to
benchmark ycon. It is shown that annual energy saving
potential in the range of 8-92 MWh can be achieved with
varying link length between 10-20km for grid voltages
of 5-20kV and conductor area of 185-630 mm?. A quan-
tified discussion on the additional incurred losses due to
estimation error in o is offered.

o The described deployment of the power flow algorithm
is simulated to show that the dc link converter can steer
the active power in the point to point parallel ac-dc link
at optimal efficiency while supporting the full reactive
power using local measurements of voltage and current
at receiving end.

o Experimental results indicate that the converters can
steer the active powers in the system without generat-
ing common mode currents in the absence of isolating
transformer. The efficiency measurements support the
theoretically inferred tendencies in y. It was observed
that estimation error tends to increase as compared to
the actual measured optimal at lower operating powers,
consistent with the theoretical expectations.

As part of future work, reconfigurability between the ac
and dc link conductors can be explored to demonstrate the
proper working of the algorithm under such operation. The
experimentally demonstrated power steering capability can be
utilized to realize near-zero current online reconfigurations to
optimize power flows in the system.

APPENDIX
A. System Paramters
Table II lists the test parameters used for the presented

results, unless specified otherwise.

TABLE II: Test Network Parameters

VLL rms 10kV
Type of conductor Aluminum
Acon 630 mm2
Rated conductor current 590 A
Nac, Nyc 3,6
Capacity during (n-1) contingencies | 3 p.u. at pf=0.9
Base Power 10.2MVA

B. Parameters for Simulation Results
The parameters used for simulation results in Section IV
are shown in Table III.

TABLE III: Specific converter and system parameters for the
depicted simulation results(based on [21], [23]).

Converters per substation 3
Per Converter Capacity 10MVA
Submodule capacitance 3.3mF
Arm inductance 3mH
Arm Resistance 0.1
DC Link Capacitance 100 uF
DC link voltage 17.14kV
Conductor Resistance 65 mQ/km
Conductor Inductance 0.55 mH/km
Link length 10km

C. Parameters for Experimental Set-up
The converter parameters used in the experimental set-up
are shown in Table IV.

TABLE IV: Parameters of the VSC used in the experimental
set-up.

Parameter Value
Rated Power 5kVA

AC Grid Voltage 400V (r.m.s)
Grid Side Inductance 1.5mH
Grid Side Resistance 0.2
Filter Capacitance 20 uF
Converter Side Inductance 1.5mH
Converter Side Resistance 020
DC-Side Voltage 750V
DC Pole-to-Pole Capacitance 500 uF

D. Instrumentation

There are 8 sensors are provided per converter as discussed
in [35]. These include 3 current sensors at the ac grid side,
2 differential voltage sensors at the ac grid providing phase
to phase voltages, 2 current sensors at the inverter end and 1
differential direct voltage sensor.

A DLM2000 oscilloscope with sample rate of 1250000 s~*
is used to measure the RSS voltage (Chl, blue, 200 V/div),
output ac current of RSS VSC (CH2, pink, 5 A/div), dc link
current (CH3, green, 5 A/div) and ac link current (CH4, red,
5 A/div). Time resolution of 10 ms/div is used.

The system efficiency is measured using two 3-phase
NANOVIP PLUS power analyzers, one to measure the input
power and the other to measure the output load power. The
input channels include two voltage probes with a maximum
of 600V ac (20Hz -600Hz) and a current measurement.
Fixed sampling is used at a frequency of 1.25kHz and the
measurement rate is 1s in normal operation. The minimum
measurable signal is 1V with a resolution of 480mV for a
750 Vims range. A full discussion on the characteristics of the
device is offered in [36].
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