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ABSTRACT Recent advances in direct current (DC) distribution systems that involve renewable energy
sources (RESs) and energy storage systems (ESSs) have shown that DC voltage control improves operational
stability. This paper proposes an efficient real-time DC voltage control strategy that reduces total power
losses while maintaining the DC voltages within acceptable ranges via coordination of the grid-connected
voltage source converter (GVSC) and the ESSs. A new strategy determines whether to invoke cooperative
GVSC/ESS control or ESS voltage control alone. The GVSC and ESSs exhibit proportional-integral (PI)
and variable droop controllers, respectively. In particular, the variable droop controllers are developed with
consideration of the voltage sensitivities. The ESS outputs are then compensated by reference to the droop
coefficients and the available ESS output powers. Case studies confirm that our voltage control strategy
permits higher minimum DC voltages (and thus smaller total power losses) when consecutive events occutr,
compared with conventional strategies using PSCAD/EMTDC.

INDEX TERMS DC distribution system, ESS, real-time voltage control, total grid loss, variable droop
control, voltage sensitivity, voltage stability.

NOMENCLATURE G Index of generation (e.g., PV or ESS).
A. ACRONYMS ij Subscripts for the i-th, j-th or /-th bus.
GVSC  Grid connected voltage source converter. ESS; Subscript for an ESS connected to the j-th bus.
ESS Energy storage system. ESS), Subscript for the ESS connected A-th bus with
RES Renewable energy source. the highest voltage sensitivity.
DC Direct current. G Sum of DC-line resistances in the intersection
PV Photovoltaic. set of {G;} and {G;} that is set of line resis-
PI Proportional integral. tances between the i-th or j-th buses and slack
bus.
B. TOTAL SYSTEM PARAMETERS max, min  Superscripts for maximum and minimum of
V  Index of bus voltage [pu]. acceptable bus voltage range.
P Indices of the injected real power or ESS power NB, NE  Number of buses and ESSs.
or load power [pu].
L  Index of load. C. GVSC CONTROLLER
up, lo Superscripts for changing the maximum or mini-
The associate editor coordinating the review of this manuscript and mum of buses to the maximum or minimum of the
approving it for publication was Siqi Bu . system.
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D. ESS CONTROLLER

target Subscript for a target bus (maximum or mini-
mum bus on systems).

sch Superscript for scheduled.

R Index of the droop coefficient.

base Superscript for base droop.

variable  Superscript for variable droop.

vs, vs* Superscripts for voltage sensitivity-based

droops after and before compensation.
k Index for voltage sensitivity.
comp Superscript for compensated output power.

I. INTRODUCTION
Direct current (DC) power sources, such as renewable energy
sources (RESs) and energy storage systems (ESSs), have
been extensively installed and operated as DC distribution
systems [1]; they offer several advantages compared with
AC systems, including higher efficiency with fewer power
converters, low losses with no skin effects, and high-power
quality during blackouts [2]. In DC distribution systems,
the DC voltages play an important role in operational sta-
bility; neither control synchronization nor reactive power
generation is necessary [3]. However, increased numbers
of RESs can cause fluctuations in DC voltages that com-
promise the stabilities of utilities [4], resulting in various
problems. For example, an increase in the load current is
caused by a decrease in the load voltage, which thus moves
away from the optimal point in terms of voltage stability
[5]. Furthermore, in the absence of a reserve power margin,
large DC voltage fluctuations can reduce the voltage control
capacities of photovoltaics or cause disconnection of the
wind systems in DC microgrids [6]. Unstable DC voltage
fluctuations can cause device malfunctions or other faults
in distribution systems [7]. Overall, DC voltage control is
important in a DC distribution system that involves RESs.
Indeed, there have been several researches on the voltage
control strategies in the DC distribution system. For example,
the authors of [8] developed an equal loading rate-based
control method using a grid-connected voltage source con-
verter (GVSC) to improve voltage control and power sharing
within voltage source converter-based DC distribution sys-
tems. However,centralized GVSC control was used, rather
than distributed control. In [9], an autonomous control strat-
egy using a GVSC, which involved various sources and
loads, improved DC voltage stabilities by dividing control
into three levels. However, the focus was on the control
methods appropriate for different DC voltages, rather than
cooperative control. In [10], a cooperative voltage control
strategy that involved a distributed generator (DG), a GVSC,
and a DG allocation algorithm minimized DG capacity and
the operating costs of DC microgrids. In this paper, voltage
sensitivity was mainly used to optimize DG allocation in
terms of minimizing long-term cost.

Meanwhile, ESSs are important when RESs are integrated
with DC distribution systems. ESSs manage the voltage
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sags that can be attributed to the inevitable energy supply
volatilities of RESs or instantaneous faults [11]. Thus, ESSs
enhance the voltage stabilities of RES-containing DC distri-
bution systems. Many operators use ESS utilities to control
DC voltages autonomously using ESS powers/energies when
the voltage fluctuates [9]. Therefore, many researchers have
studied DC voltage control of DC distribution systems with
ESSs. Genetic algorithm-based ESS scheduling has been
used to control voltage considering RES fluctuations in DC
distribution systems [12]. However, that work focused on ESS
scheduling without real-time voltage control. Several papers
have been proposed on explored real-time voltage control in
DC distribution systems [13], [14]. In [13], an autonomous
ESS PI controller (a combination of double closed-loop and
current-sharing controllers) reduced DC voltage fluctuations
in islanded DC microgrids with PVs and ESSs. In [14], two
adaptive droop controllers for ESSs maintained DC volt-
ages and eliminated current-sharing errors in DC microgrids.
However, these studies did not focus on cooperative control
by a GVSC and ESSs. A few studies used such coordinated
control to maintain DC voltages [15], [16]. For example,
in [15], a multi-agent control strategy (using a GVSC and
ESSs) improved voltage stability by allocating optimal active
powers to the ESSs of DC microgrids. In [16], an autonomous
droop controller for a GVSC and the ESSs regulated the DC
voltages of DC microgrids. In this paper, the droop coeffi-
cients applied to the GVSC and ESSs differed when operation
was normal or islanded. However, the available ESS output
powers and the voltage sensitivities needed to reduce the total
power loss were not considered.

This paper proposes a new real-time coordinated con-
trol strategy for a GVSC and ESSs in a DC distributed
system to reduce total power loss and to improve voltage
stability by operating within the acceptable voltage range.
The new strategy changes reference signals of ESS and
GVSC instantaneously, not predetermined scheduling sig-
nals, based on DC system conditions. Specifically, voltage
sensitivities are utilized for voltage controllers in the GVSC
and ESSs. PI and variable droop controllers are included
in the GVSC and ESSs, respectively. The voltage sensitiv-
ities are used to calculate appropriate droop coefficients.
The compensated ESS output reference values for real-time
voltage control are obtained based on the droop coeffi-
cients and the available ESS output powers. Compared with
conventional voltage strategies, our voltage control strat-
egy enables greater increases in the DC voltages associated
with lower total power loss when consecutive events occur
(e.g., PV faults and load increases). Furthermore, a new
operating strategy determines whether to invoke cooperative
GVSC/ESS voltage control or ESS voltage control alone.
The method is applied to the modified IEEE-13-bus system;
effectiveness is verified using PSCAD/EMTDC which uti-
lized to simulate various real-time control methods [17], [18],
[19], [20].

The main contributions of this paper are summarized
below:
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oThis paper proposes a new real-time voltage control sys-
tem that reduces total power loss via coordination of the
GVSC and ESSs, with consideration of the voltage sensitivi-
ties of a DC distributed system.

eVariable droop coefficients for the ESSs based on the
voltage sensitivities and compensated ESS powers consider-
ing ESS capacities are also developed. These arrangements
enable the maintenance of higher DC voltages and lower total
power loss when consecutive events occur.

eA new operating strategy chooses between coordinated
control by the GVSC and ESSs or ESS control alone.

The rest of the paper is organized as follows. Section II
describes our voltage control strategy. Section III presents the
three required modules. Section IV contains the simulations,
and Section V presents the conclusion.

Voltage out of range
v ymax oy min'_ <y min

]
(A) Control Selection

Determines ?Coordinated GVSC&ESS control(B+C) or Ponly ESS control(C)

Recover to acceptable range by only the ESS controller : (1)-(2)
i using voltage sensitivity(V " or V""" with respect to Pgsg) : (3)

(B) GVSC Controller Change entire bus voltage by Veysc
No

1. Calculate voltage sensitivity gVig
max min___ - E

y e v with respect to Veyse (8) (B)+(C)

2. Calculate AV gysc, AV Grsc —]

To update out of voltage bus(J™*;, V™)) to (", V") (5)-(6)

3. Determine final AVgysc

Select th ller value bet AV yse and AV Gyse (7 Yes
elect the smaller value between Gysc an arsc (T) Only ESS

l ©

(C) ESS Controller Change target voltage by Pgss

‘ 1. Update voltage sensitivity : dV;/dPgss; (3)

I 2. Calculate an objective voltage variation of target bus :AViu: (9)

‘ 3. Calculate a common droop coefficient : R (12)

[ 5. Calculate a compensate each available ESS outputs : P“" (16)

‘ 4. Calculate a voltage sensitivity based droop coefficient : R*j; (14) I

[ 6. Calculate a final outputs of ESS : P*fsg P gy, (17)- (18)

FIGURE 1. Schematic diagram of the proposed real-time coordinated
control strategy for a GVSC and ESSs.

Il. A NEW VOLTAGE CONTROL STRATEGY USING THE
GVSC AND ESSs OF A DC DISTRIBUTION SYSTEM

Fig. 1 shows a schematic diagram of our strategy. The three
modules are (a) a control-selection, (b) a GVSC controller,
and (c) an ESS controller. When the i-th bus voltage (V;) of
the DC distribution system is out of the acceptable range, the

VOLUME 11, 2023

control-selection module determines whether the GVSC/ESS
or the ESS should be used to restore V; to an acceptable
range by considering the voltage sensitivities of the i-th bus
to the output powers of the ESSs. If the module calculates
that V; cannot recover using only ESS control, the strat-
egy regulates all bus voltages using the GVSC controller;
this adjusts the GVSC voltage (Vgysc) until the maximum
bus voltage (V/"**) or minimum bus voltage (Vimi”) is the
maximum acceptable voltage (V") or minimum acceptable
voltage (V"™"), respectively, based on the voltage sensitivity
of V" or Vimi” to Vgysc (see Section ITII-B).

The ESS controller adjusts the ESS output powers either
after the GVSC controller completes regulation of Vgysc,
or when V"% or Vimi” recovers to within an acceptable range
through use of the ESS controller alone. Specifically, the
ESS controller calculates a common V-P droop coefficient
(RP®s¢) for each ESS in the DC distribution system by ref-
erence to either V"** or Vimi”. The voltage sensitivities of
all ESSs to all bus voltages are obtained using the scheduled
and measured bus voltages, the output powers of the ESSs,
and the resistances of the DC-lines in the DC distribution
system. Subsequently, each ESS is assigned a modified droop
coefficient (R") (from the RP®¢) that reflects the voltage
sensitivities of that ESS to V" or Vi’”i”. Thus, in each ESS,
the R" considers the unique voltage sensitivities of that ESS.
The ESS controller calculates the R" of each ESS at each
simulation time-step, allowing the ESSs to control the system
voltage in real-time. Finally, each ESS regulates the output
power via R,

IlIl. THE THREE MODULES FOR THE PROPOSED VOLTAGE
CONTROL STRATEGY

A. CONTROL SELECTION

The control selection module determines whether coordi-
nated GVSC and ESS control or ESS control alone is used to
restore V" or Vi’”i” to within the acceptable range. To ensure
accurate operation, it is assumed that the system operator
continuously measures all bus voltages and that DC system
data (e.g., the resistances of DC-lines) are available [21].
When V"™ or Vi’"i" becomes larger or smaller than V"
or V™1 respectively, and does not recover to within the
acceptable range using the ESS controller alone, coordinated
GVSC and ESS control is selected as follows:

. ‘ NE dV-min
ymin _ymin " APpss, (1)
' ]:Zl dPEss; !
NE
avme
Z i A PESSj < ymax _ Vimax )
‘= dPess;

In (1) and (2), the bus voltage sensitivities according to the
ESS output powers are calculated using the G matrices of the
simulation time-steps [5]:

NB
G GjiPy

Vlz + Gy P

av; LG D ) (3)
dPEss; (Vi2+GiiPi)Vj ! I=1,i#i
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P;=Pg, — Py, “)

where G;; is the sum of DC-line resistances in the intersection
setof {G;} and {G;} that is set of line resistances between the
i-th or j-th buses and slack bus.

B. GVSC CONTROLLER
If the control selection module chooses coordinated GVSC
and ESS control, the GVSC controller operates first to change
all bus voltages to within acceptable ranges and reduces the
total power loss by regulating Vgysc. Specifically, the GVSC
controllg:r calculates AVC";I‘J,SC and AVé”VSC, such that Vl.mf”‘
and V™" in the distribution system become V"** and V""",
respectively, using the voltage sensitivities of V;"** and V"""
to Vgysc:
max
AV = min(| V"™ — V"] /dL,
dVgysc

V max

— Vavsc|)

(5)

avmn
1

dVgysc

/

lo . min min
AVgysc = m1n(’V -V

, )Vmi" - VGVSC‘)
(6)

The GVSC controller then selects the smaller of Avg"’/sc
and Avéovsc to be AVgysc, while regulating Vgysc up to
AVgysc:

AVgysc = min(AVghees AVEsc) (7

The ESSs contribute as much power as possible to minimize
total power loss below the acceptable voltage range during
coordinated control of the GVSC and ESSs. According to
(5) and (6), the voltage sensitivities of V;"* and Vimi" to
Vevsc are expressed in (8) [S]:

NB
avi .V a-3 GiPi
dVgvsc Viz + G;;iP; 11T Vlz + Gy P

We focus on reduction of the total power loss; we do not con-
sider restoration of excessive voltage to within the acceptable
range using the GVSC controller alone [22].

C. ESS CONTROLLER

The ESS controller regulates the voltages of a target bus
(Viarger) and nearby buses. The target bus can be the
maximum- or minimum-voltage bus in the system. When the
control-selection module invokes the ESS controller either
directly or after the GVSC controller has operated, the ESS
controller calculates the objective voltage variation of the
target bus that can be regulated by the ESS outputs. The objec-
tive voltage variation is the difference between the scheduled
and measured voltages of the target bus:

h
AVtarget = V[f;rge[ - Vtarget (9)

In the conventional strategy, each ESS in the DC system
regulates its own output power by reference to an individ-
ual droop coefficient derived using the V™" (or V"), the
scheduled voltage of the target bus (V,ifr’g,e,), and its available
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output power (10) [23]. Note that the available power of each
ESS differs in terms of the maximum (or minimum) and the
scheduled output power (i.e., P’E’g§(m’”) - PSECS}‘S); this ensures
scheduled operation of all ESSs after an abnormal condition
is cleared.

1 1

variable
RESSj

(10)

ymin(max) _ Vfg:rget

ax(min) sch
P’I;’SS j —P ESS;

Each ESS output power is thus calculated as in (11) and
is usually updated at each scheduling time-step which are
several minutes [23], [24].

(1)

variable __ psch
Prss, " = PEss; — AViarger X Rarialbe
ESS;
In proposed strategy, all ESSs adjust their output powers
based on their voltage sensitivities to achieve objective volt-
age variation. To determine the output power variations of all
ESSs (APgss)), a common droop coefficient (Rpqse) is first
created using V" or V™", vsch  and the summed available

target>
output powers of the ESSs (12):
1 1
Rbl/lS(f = y/min(max) _ Vﬂ‘h ( 1 2)

target
max(min) max(min) sch sch
(Pgss,  ++Ppggy  )-(Pgs, ++Pggs, )

Each ESS droop coefficient (RY) is then modified using
the common droop coefficient by reference to the proportion
of voltage sensitivity imposed by the target bus voltage,
as expressed in (13) and (14). Each ESS output power can be
calculated as in (15). Note that this process is repeated at each
time-step which are several seconds, which is sufficiently
close to control voltages in real-time [25].

dv, A%
target Co target _ APESSI Co APESSNE
dPEss, dPEsSy:
= kl Ll kESSNE (13)
1 kESs; 1
= = : (14)
RESS/ ki + -+ kessye R7
1
Py, = Piss, — AViarger X (15)

)
REss,

The ESS output power (15) means that an ESS that is
more sensitive to the voltage of the target bus can more
efficiently regulate the power output needed to restore the
target bus voltage to within the acceptable range. Thus, the
summed ESS output variation is lower than the variation
of the summed possible ESS power output. However, the
total power loss when ESS output is regulated by Eq. (15)
may be larger than the total power loss of the conventional
strategy (11).

To reduce the total power loss over the acceptable voltage
range, our strategy compensates for the output powers of
ESSs for which the target bus voltage sensitivities are maxi-
mal (i.e., for the ESS}, values that consider the maximal ESS
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power outputs). The compensated output power of an ESS}, is
the difference between the maximum and calculated output
powers. We set the compensated ESS}, output power to 10% of
the available output power for the next scheduled operation,
as follows:
NE
PO =" (PESS, — PiSs,) x 10% (16)
I=1
The final output powers of all ESSs are the summed powers
of (15) with the modified compensated powers of (16) that
consider the effects of the powers on the sensitivity of the
target bus voltage, as expressed in (17) and (18):

1
VS . Sc‘h
Ess; = PEss; — AViarger X RS a7
ESS;
vs  _ psch AV, X L
Ess, = TEss), target RS
ESS),
kEss
ppeomp o TESR (18)
ki+---+ kESSNE
Bus8 Bus9
a3 Bust i
Control Target 2
v,
PL3 PL4
cria SYSC o .Bus?
1 2] Bus7|_
AWV >
Pess2 V P]z
ESS2|PL7 PL13
Bus5  Bus6 Bus10 Busl1
‘/”min
PL5 PL6 PL10 PL11

FIGURE 2. Test distributed DC system: IEEE 13 bus modified.

TABLE 1. Parameters for the test system.

Devices | Parameters Values Descriptions
be Viatea [V] 400 Nominal DC voltages
distribution| V7, pmin [pu] 1.05,0.95 | Maximum and minimum
voltage
system c
Prated [MW] 1 Nominal system power

P pesr, P pes; [kKW] | 250, 180
Pigs;, P pgs: [kKW] | -250, -180

0.6,1.2

Maximum output of ESSs

ESS Minimum output of ESSs

PV Ppy1, Ppy2 [MW] Capacity of PV

IV. CASE STUDIES AND RESULTS

A. TEST SYSTEM AND SIMULATION CONDITIONS

This paper implemented new control strategy using
PSCAD/EMTDC which utilized to verify various real-time
control methods. Fig. 2 shows the test distributed DC system,
which was modified by including aspects of the IEEE 13-bus
system [26]. The GVSC works at Bus 1; two ESSs are con-
nected to Buses 2 and 7. The ESS powers are 250 and 180 kW
[27], [28]. There are also 0.6 MW- and 1.2 MW-rated PVs in
the test system connected to Buses 3 and 8, respectively [29].
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The DC power and voltage are | MW and 400 V, respectively
[30]. The test system operates with constant scheduled and
time-varying reference values of Vgysc and Pgss under
abnormal conditions (i.e., real-time control situation). Prior to
real-time voltage control, all loads and PV's were forecasted at
15-min intervals. The GVSC voltage and ESS output powers
(V‘C";C‘i’sc and PfECShS) were scheduled based on these values
[31]. At 2-s intervals [32], [33], [34], [35], all loads and
PVs were measured; the GVSC and ESS reference values
were updated accordingly (i.e., real-time voltage control).
We extracted the load profiles during such control from the
overall 2021 Korean load profile [36]. Table 1 lists the ESSs,
PVs, and test system parameters.

Table 2 lists the principal aspects of the new (Case 1) and
conventional (Cases 2 and 3) strategies used for real-time
voltage control of DC distribution systems. Both consider the
available ESS output powers ((11) and (15), respectively);
Case 2 controls DC voltages using variable droops alone,
whereas voltage sensitivities, such as the sensitivities in (13),
are not involved. We compared Cases 1 and 2 to deter-
mine the effects of sensitivity-based voltage control on real-
time voltage control (Sections III-B and C). Case 3 involves
the commonly used coordinated GVSC and ESS control
(i.e., a constant droop voltage controller) [3]. Fig. 3 shows the
variations of the total loads in the DC distribution system. All
loads increase dramatically at t = 2 s, but only the loads of
buses 8 and 9 rapidly increase at # = 10 s. In terms of real-time
voltage control, both PVs were assumed to be disconnected
att =2s.

TABLE 2. Aspects of the New and conventional control strategies.

. Voltage Power
Strategies Model .
sensitivity range
Voltage sensitivity-
Pro Case 1 (6] O
based droop
Case 2 Variable droop X (0]
Conv.
Case 3 Constant droop X X
f=—=T.oad§ —= Load) —— Load2.7,10-13]
_ %0r __»812 888« ]
z T “ 1
= 70+ 68 Double 4
3 »54.0 JE— the load 54‘0 ]
N [ .-~ 577 T on 8,9 buses H
&~ 50 ~"" 50% increase in
all bus loads T t =
~=> 384, , , , . _=»388
2 4 6 8 10 12 14

Time[s]

FIGURE 3. Real time total load profile of the test system.

B. SIMULATION RESULTS

Fig. 4 and Table 3 compares the maximum and minimum
DC voltages of the test system using the new (Case 1) and
conventional strategies (Cases 2 and 3). Note that the 2-Bus
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vol;age V5" was the maximum, whereas the 11-Bus voltage
V" was the minimum, until # = 10 s in all case studies.
Before t = 2 s, both voltages were maintained at the initial
voltages. They decreased after ¢t = 2 s because all PVs were
disconnected and all loads began to increase at t = 2 s,
as shown in Fig. 3. In particular, the minimum DC voltage
decreased below the acceptable range (i.e., V") immedi-
ately after + = 2 s, as shown in Fig. 4(b); this activated real-
time voltage control.

The control-selection module selected coordinated control
by the GVSC and ESSs because the minimum voltage could
not be restored to within the acceptable range using the ESS
controller alone; (1) was not satisfied. The GVSC controller
increased Vgysc from 1.03 puto 1.05 puatt = 3 s, as shown
in Fig. 5; this change increased all DC voltages, including the
maximum and minimum voltages. Note that Vgysc values for
Cases 1-3 were identical to V™ values because Vgysc was
limited to V™ for all cases, although the GVSC controller
of Case 1 calculated AVgysc as 0.065 pu using (5)—(8).

1.02 ‘ : : : :
4 L1014 — : ~+1.019
FERRN H 4
N 1.017 3 1.015 1917 1
-~ 1.00 M 0 M
3 1.011 1010 1.016 1.008
(2) & 1
; 0.98 :
' {m== Case | == Case 2 === Case 3]
0.96 . . . x I 1
0.99, - T T " 0.964 T - __»0.976 ;
£ I 09;81 ' = ] 30571 by ]
(b) & 0.95 .983 e s = 0.973 0. 0.92i?m.n
s i . 095 0959 9bus| 0.980 B
H + 3 F0.978
> 091+ 1ibus | 9977 596 ] 7
[ {—"Case 1 — Case 2 =—=Case 3/ |
0.87 ‘ ‘ ‘ ‘ =a5e ‘ i
2 4 6 8 10 12 14
Time[s]

FIGURE 4. Maximum and minimum voltage: (a) Vmax. (b) Vpin-

|— Case 1 — Case 2 —Case 3|

Vevsc [p.u.

Time[s]

FIGURE 5. Voltage of GVSC.

TABLE 3. Maximum and minimum DC voltage during 4s - 12s.

ymax Vmin

8s—10s : 10s—12s

After operation of the GVSC controller, the ESS controller
restored the minimum voltage to within the acceptable range

8298

at t+ = 4 s. Fig. 6 compares the total ESS output powers
of Cases 1-3. In Case 1, the total ESS output increased to
200.2 kW, whereas it attained 265.3 and 218.8 kKW in Cases 2
and 3, respectively; the new strategy regulates the ESS output
powers more efficiently, compared with conventional strate-
gies that use droop coefficients based on the voltage sensitivi-
ties (i.e., (12)—(15)). Fig. 7 shows the ESS droop coefficients
for Cases 1-3. For Case 1, the droop coefficients of ESS1
and ESS2 were higher and lower than the droop coefficients
of Cases 2 and 3, respectively. This effectively allocated the
ESS output powers; total power use was reduced. Although
the total ESS output power of Case 1 was less than the
total ESS output powers of the other Cases, the minimum
voltage of Case 1 increased to 0.964 pu; this was higher
than the minimum voltages of cases 2 and 3 (0.959 pu and
0.956 pu, respectively). However, the maximum voltage of
Case 1 (1.010 pu) was smaller than the maximum voltages of
Cases2and 3 (1.104 pu and 1.011 pu, respectively), as shown
in Fig. 4 and Table 3. Thus, the power loss of Case 1 was
420 kW from t = 4 stotr = 8§ s, as shown in Fig. 8.
In contrast, for Cases 2 and 3, the power losses during the
same period were 42.9 and 46.5 kW, respectively.

= 2000 ~>265.3
z
]
5 100[
b
E 0| o2

-100p ; ; .

=== Case 1 == Case 2 == Case 3
0 2 4 6 8 10 12 14
Time[s]

FIGURE 6. Total outputs of ESS.

037 : = e : ;
= Case 1 = Case 2 =—Case 3| {W
0.2+ 0.221 0.216 7
(@ 3
E 0.1 0147 [ 0137
T 0.103 )
E— Case 1 — Case 3 —— Case 3 ‘ ‘
0.21 0.175 E
0.147 r 1
N I\ 4
®) § 0.031
0.11 /0105 1
0.078
2 4 6 8 10 12 14
Time[s]

FIGURE 7. Droop coefficient: (a) Rggs;. (b) Rgssa-

Subsequently, all loads decreased by 50% at ¢ = 8 s, which
caused the maximum and minimum voltages to increase.
Although these voltages remained within the acceptable
ranges, the GVSC and ESS controllers continued to operate
to reduce the total power loss. In particular, the total ESS
output power decreased to —0.2 kW in Case 1, but the powers
were 20.9 and 2.6 kW for Cases 2 and 3, respectively; the
output powers of ESS1 and ESS2 in Case 1 were —40.2 kW
and 40.0 kW, respectively, using the droop coefficients based
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FIGURE 8. Total power losses.

on the voltage sensitivities. However, the minimum voltage of
Case 1 (0.977 pu) was higher than the minimum voltages of
Cases 2 and 3 (0.974 pu and 0.972 pu, respectively), as shown
in Fig. 4(b) and Table 3. This resulted in a smaller total power
loss for Case 1 (30.3 kW) than for Cases 2 and 3 (31.7 and
32.9 kW, respectively), as shown in Fig. 8. Note that Vgysc
was maintained at 1.05 pu in all cases; this was the V"*** limit.
The minimum voltage changed from the 11-Bus voltage to
the 9-Bus voltage after t = 10 s (i.e., Vé"i"); the ESS droop
coefficients of Cases 1 and 2 also varied, as shown in Fig. 7,
because only the 8- and 9-Bus loads increased (to 76.8 and
88.8 kW, respectively) at + = 10 s. Because the ESS droop
coefficients consider the voltage sensitivities, the maximum
and minimum voltages of Case 1 were lower and higher,
respectively, than the maximum and minimum voltages of
Cases 2 and 3, as indicated in Table 3. However, the total ESS
power of Case 1 remained smaller than the total ESS powers
of Cases 2 and 3, as shown in Fig. 6. As indicated in Table 4,
Case 1 reduced the total ESS output power over 4—12s by
36.5 % and 13.9 % (compared with the total ESS output
powers of Cases 2 and 3, respectively) and the summed total
power loss over this time by 3.7% and 8.9% using real-time
voltage control. Compared with conventional strategies, the
new strategy reduces the total power loss by using less ESS
energy through the application of real-time voltage control.

TABLE 4. Total ESS outputs and system losses.

PEss, Ploss Total outputs of ESS Total power loss
over !
n @ ((b)-(a))/(a) 3 |(d-@)@)
4s-12s P P 3 (H+(?2) or P W or
| @-@y@ |7 IV (@-@y@
Case 1(a) | -11.7 1026.0 i 1014.3 - 291.5 -
Case 2(b) [ 845.7 5385 3 1384.2 36.5% 302.3 3.7%
Case 3(c) [ 582.7 572.1 1 1154.9 13.9% 3174 8.9%

V. CONCLUSION

This paper proposed an efficient real-time DC voltage con-
trol strategy for DC distribution systems that reduces the
total power loss while maintaining the DC voltages within
acceptable ranges through coordination between the GVSC
and ESSs. PI and variable droop controllers were integrated
into the GVSC and ESSs, respectively. Appropriate droop
coefficients were calculated with consideration of the voltage
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sensitivities. Compensated ESS output reference values for
real-time voltage control were obtained using these droop
coefficients and the available ESS output powers. This pro-
cess allowed the ESSs to restore DC voltages to within
acceptable ranges using less ESS power than the conventional
strategies, leading to improvement of voltage stability and
smaller total power losses when consecutive events occurred.
Additionally, this paper proposes an operating strategy that
determines whether to activate cooperative GVSC and ESS
voltage control or ESS control alone. Simulations performed
using PSCAD/EMTDC showed that, compared with conven-
tional control, our strategy reduced the total ESS output pow-
ers by 13.9-36.5% and the total power losses by 3.7-8.9%
when real-time voltage control was invoked. This confirmed
that the proposed strategy can reduce the total power loss
effectively utilizing less ESS energy during the real-time
voltage control. Future work will focus on online verification
of the proposed strategy.
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