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Abstract—Battery energy storage systems (BESSs) need to
comply with grid code and fault ride through (FRT) require-
ments during disturbances whether they are in charging or dis-
charging mode. Previous literature has shown that constant
charging current control of BESSs in charging mode can pre-
vent BESSs from complying with emerging grid codes such as
the German grid code under stringent unbalanced fault condi-
tions. To address this challenge, this paper proposes a new FRT-
activated dual control strategy that consists of switching from
constant battery current control to constant DC-link voltage
control through a positive droop structure. The results show
that the strategy ensures proper DC-link voltage and current
management as well as adequate control of the positive- and
negative-sequence active and reactive currents according to
the grid code priority. It is also shown that the proposed FRT
control strategy is tolerant to initial operating conditions of
BESS plant, grid code requirements, and fault severity.

Index Terms—Battery energy storage system, inverter-based
resource, fault ride through, electromagnetic transient.

1. INTRODUCTION

ENERGY storage systems (ESSs) provide a key solution
for large-scale integration of intermittent renewable re-
sources into power grids [1]. Battery energy storage systems
(BESSs) are of particular interest due to their advantages
over other storage technologies in terms of energy density,
flexibility, and scalability [2], [3]. BESSs are used for per-
forming ancillary functions such as frequency regulation,
emergency back-up, voltage regulation, energy time-shifting,
capacity optimization, and power quality enhancement
[4]-[7].

BESSs are categorized as inverter-based resources (IBRs)
[7]. According to fault ride through (FRT) requirements of
several grid codes, specific inter-connection requirements of
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the utility, or emerging standards, e.g., IEEE P2800, bulk
power system-connected IBRs are required to remain con-
nected to the grid inside defined limits specified by voltage-
versus-time curves and to continue operating as specified
during a voltage disturbance. The compliance with these
FRT requirements creates an additional control complexity
for a BESS compared with wind turbine generators (WTGs)
or photovoltaic (PV) that are also IBRs. While WTG and
PV systems operate only in inverter mode, a BESS should
further comply with FRT requirements in active rectifier
mode during battery charging [8], [9].

The behavior of IBRs during FRT operation and their im-
pact on system protection is primarily determined by imple-
mented control strategies and applicable grid code require-
ments [10]-[12]. Traditional balanced positive-sequence con-
trol (BPSC) has been the most common approach used for
FRT operation of IBRs. This control entails injecting a posi-
tive-sequence reactive current to support grid voltage during
disturbances. The lack of negative-sequence current control
under BPSC may lead to mis-operation of protective relays,
especially negative-sequence quantity-based protections and
directional elements [13], [14]. The adoption of negative-se-
quence current control, e.g., according to VDE-AR-N 4120
Technical Connection Rules (also known as the German grid
code) [15], has been shown to reduce the likelihood of such
mis-operation events [16]. The implementation of the Ger-
man grid code requires the use of flexible positive- and nega-
tive-sequence control [17].

The FRT operation of grid-tied BESSs has not received the
same attention compared with WTG and PV systems. The fo-
cus has been rather on enhancing the dynamic performance
and FRT capability of WTG systems using storage technolo-
gies such as supercapacitors and BESSs [18]-[21]. The short-
circuit response of specific protection systems in the presence
of grid-tied BESSs is investigated in [22] and [23]. However,
important features such as operating mode, i.e¢., charging or
discharging, internal control strategies, and grid code require-
ments are not presented. Some of these details are discussed in
[24] and [25]. However, the investigation is limited to single-
stage topology, i.e., without a DC-DC interface and the use of
BPSC. The management of the DC-link during a fault is not
discussed in [22]-[25].

Practical grid-tied BESS plants are based on the two-stage
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topology to increase the system scalability. They are com-
posed of multiple bidirectional DC-DC converter (BDC)
units in parallel interfaced with a common DC-link. This en-
ables integrating multiple battery sources through a common
grid-side converter (GSC) DC-AC interface with the power
grid [26]. Reference [27] demonstrates that the use of a two-
stage topology as well as the use of a flexible positive- and
negative-sequence control strategy both brings additional
constraints on the BESS control, and that proper DC-link
management during a fault is critical. Inadequate DC-link
regulation can prevent BESS plants from riding through
faults and further complying with grid code requirements
[28]. It is also demonstrated that a fault occurring during the
conventional constant battery charging phase [29] is the
most stringent scenario on both DC-link voltage regulation
and grid voltage support. The use of a flexible positive- and
negative-sequence control scheme compliant with the Ger-
man grid code under stringent unbalanced faults aggravates
the situation further. A solution is proposed in [27] to switch
the BDC control from constant current charging to DC-link
voltage regulation during grid faults in charging mode. How-
ever, the solution proposed in [27] does not consider practi-
cal plant constraints such as parallel operation of BDC units
as well as the impact of initial operating conditions of BESS
plant, e.g., battery state-of-charge (SOC) and active power
set-point, and grid code requirements.

This paper proposes a new FRT control strategy for practi-
cal BESS plants to comply with the German grid code in
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charging mode. A detailed simulation model in EMTP is
built to validate the proposed control strategy. This model in-
cludes experimentally validated scalable models of li-ion bat-
tery, converters, and generic control strategies accounting for
the non-linear effect of current limiters and grid code priori-
ty logic. The schematic of BESS model for FRT control
strategy with parallel-connected BDC units is shown in Fig. 1,
where i, is the battery current; e, is the battery internal volt-
age; R, is the battery internal resistance; v, is the DC-link
voltage; V! is the initial DC-link reference voltage; v, is the
battery terminal voltage; i,, is the BDC input current in
charging mode; Pg.q is the nominal power of each BESS
unit; Ny is the number of BESS units in the BESS plant;
Nype 1s the number of aggregated BDC units in parallel on
the DC-link; ii' is the reference battery current; AV' is the
output of the BESS plant level controller calculated to regu-
late the reactive power at the point of interconnection (POI);
O, is the reactive power at the POL; /; and V,; are the cur-
rent and voltage at the POI, respectively; ijfg“ is the pre-fault
positive-sequence active reference current value at FRT acti-
vation such that the BESS plant maintains the charging cur-
rent if permitted by the limiter with a priority logic algo-
rithm; V" is the minimum DC-link reference voltage; d is
the duty cycle of the BDC current controller; PI stands for
proportional integral; PLL stands for phase locked loop; and
LV, MV, and HV stand for low voltage, medium voltage,
and high voltage, respectively.

BESS plant
Aggregated BESS unit (Ngpgs =45, Pgpgs= 1.5 MW)
yminjref por Neoe=2 i prT v BESS plant-level
\(;r -4 oL controller
Aggregated Boe V'=1+AV i
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Fig. 1.

Key improvements to the solution presented in [27] are al-
so proposed. First, this paper proposes a positive droop-
based solution for proper DC-link management with parallel-
connected BDC units. Furthermore, it proposes an improved
GSC control strategy considering grid code requirements to
ensure the required magnitude of negative-sequence reactive
current and grid voltage support, and that lowest priority is
given to the positive-sequence active current. The positive-se-
quence active current control strategy of the GSC is also co-
ordinated with the BDC control scheme through a new limit-
er logic as well as two FRT-activated bumpless structures
that ensure controlled transition at fault inception and fault
removal. The proposed FRT control strategy is analyzed in
terms of its performance on the DC-link management, and

Schematic of BESS model for FRT control strategy with parallel-connected BDC units.

positive- and negative-sequence current control. It is demon-
strated that the strategy is tolerant to the operating condi-
tions of BESS plant (SOC and active power set-point), grid
code requirements (reactive current injection), and fault se-
verity (close fault v.s. remote fault).

II. PROPOSED BESS FAULT MANAGEMENT STRATEGY

A. Investigated System Topology

The BESS plant structure can be divided into two main
categories depending on the number of conversion stages of
power electronics used between the battery and AC grid

(11, [7].
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The single-stage topology consists of a battery directly
connected to the DC-link and a GSC DC-AC interface with
the power grid. This topology is simple and of low-cost and
provides the maximum efficiency. However, it is less flexi-
ble in terms of control, and it significantly increases the
stress on the battery under both normal and fault condi-
tions [27].

The two-stage topology provides increased flexibility and
scalability by introducing an intermediate BDC for interfac-
ing the battery with the DC-link. The BDC enables a more
precise control of the DC-link voltage, battery voltage, and
battery current. While this topology reduces the overall effi-
ciency of the BESS plant, it significantly reduces the stress
on the battery. This structure is also scalable and provides re-
dundancy [3].

The coordination between the GSC and BDC control strat-
egies is necessary which leads to additional control con-
straints. These constraints must be managed under grid fault
conditions, otherwise, they can prevent BESSs from riding
through faults. To increase the capacity and system adaptabil-
ity, the two-stage topology can be expanded by paralleling
the BDC, GSC, or BESS unit transformer outputs.

The BESS plant model used in this paper is an aggregated
version of the two-stage topology with parallel BESS unit
transformer output, as shown in Fig. 1. The BESS plant mod-
el is flexible and allows paralleling multiple aggregated
BDC units on the same DC-link, which, as demonstrated in
this paper, is important to evaluate the potential interactions
between the BDC units and the GSC interface under grid
fault conditions. The BESS plant is connected to an HV
transmission network through an MV equivalent collector
network and BESS plant transformer.

B. Statement of Problem

During the conventional constant charging current phase,
severe transient voltage drop v, ., and steady-state voltage
drop vy on the DC-link can prevent BESS plants from
complying with grid code requirements [28]. This problem is
explained using the ideal representation in Fig. 2, where
V4eon 18 the chopper-on voltage; V. . is the chopper-off volt-
age; iy, is the BDC inner loop reference current; i, and i,
are the positive-sequence active and reactive currents of
GSC, respectively; and i, and i, are the negative-sequence
active and reactive currents of GSC, respectively.

The voltage drop is caused by the limitations on 7;, due to
the required injections of i, i,, and i ,, which leads to a re-
duction in the injected DC current i, on the DC-link as
shown in Fig. 3, where vj, is the instantaneous positive-se-
quence voltage at the GSC AC terminals; L, is the filter in-
ductor; P, is the initial power for each battery; Q, and Q,
are the transistors; and C,, is the DC-link capacitor. This can
bring the BDC controller into saturation such that i, decreas-
es in an uncontrolled manner until v, sufficiently decreases
to achieve power balance on the DC-link.

The problem of DC-link regulation is aggravated by the
use of a flexible positive- and negative-sequence control
scheme compliant with [15] due to the required i, and i,
which further limits 7;, under unbalanced fault conditions.
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Fig. 2. Ideal representation of problem of DC-link regulation with conven-
tional BDC constant charging current control and parallel-connected BDC
units’ topology under stringent grid fault condition.
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Fig. 3. Equivalent schematic of BDC unit with battery and GSC interfaces
in charging mode.

For the same power level of the BESS plant p, vy i, 18
also more severe for a close fault than for a remote fault,
which is explained by the larger power drop at the AC grid
[27]. Furthermore, it is also shown in [27] that both v, ..
and v, . are impacted by the battery characteristics and that
the voltage drop is more severe for low SOC and low bat-
tery nominal voltage V.

Voltage drop dependency on battery characteristics is ex-
plained using the simplified equivalent schematic in Fig. 3.
Under the fault conditions in the charging mode, if i, is in-
sufficient to support the constant i, drawn by the BDC, v
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will rapidly drop and d will rapidly saturate to its maximum
value. For the sake of simplicity, it is assumed that the maxi-
mum duty cycle value is d=1. This means that transistor Q,
is always ON in Fig. 3, such that the battery becomes direct-
ly connected to the DC-link. Under such a condition, v, will
follow the relationship below [27]:

Ve = (eb+ e§+6Rsv;gi;g )/2 (1)

This suggests that when i;, decreases with v;, constant,
which is dependent on fault location, v, decreases. This ef-
fect is weighted by R_. Furthermore, according to the battery
model defined in Section II-D, e, is a function of the battery
model parameters, and in particular, the battery SOC and V..

As shown in Fig. 2, the problem with the saturation of the
BDC controller can also lead to an inadequate DC-link cur-
rent management when multiple BDC units are operated in
parallel. Batteries can be at different SOCs and have slightly
different characteristics due to manufacturing tolerances, age-
ing, and operating conditions, which can lead to inadequate
current sharing between the parallel BDC units and result in
increased stress during the fault.

Furthermore, at fault removal, transient overvoltage also
occurs because the BDC units cannot instantaneously trans-
fer the active power injected from the GSC to the batteries.
This can require the use of the chopper if the overvoltage
condition is too severe and exceeds its turn-on voltage
threshold 7, as shown in Fig. 2.

dc, on?
C. Proposed FRT Control Strategy

As shown in Fig. 4, the proposed FRT control strategy
consists of adapting the controls of the BDC units and GSC
upon receiving an FRT activation signal, which is deter-
mined through the measurement of the voltage at the MV
side of the BESS plant as shown in Fig. 1.

Normal operation (pre-fault/post-fault)

BDC controller GSC controller

For each BDC unit: Priority 1:
1) Control of i, through d 1) Control of v, through 7,
Priority 2:

1) Control of ¥, through i,

FRT operation

BDC controller
For each BDC unit:
1) Control of vy, with i -based
droop through control of i}

2) Control of i, through d

GSC controller

Priority 1:
1) Control of V, through i,
2) Control of ¥, through i;,
Priority 2:
1) Control of the angle of the

phasor /, through i,
Priority 3:
1) Control of ij,

Fig. 4. Flow chart of proposed FRT control strategy of BESS plant.

In Fig. 4, V, is the magnitude of the negative-sequence
voltage phasor; and 7, is the magnitude of the negative-se-
quence current phasor. At fault inception, the FRT activation

signal is activated when the voltage decreases below the
pickup voltage, and at fault removal, the FRT activation sig-
nal is deactivated when the voltage rises above the reset volt-
age.

Upon receiving the FRT activation signal, all the BDC
units switch from constant i, control to constant v, control
through a droop structure based on measuring i, of the BDC
units. This permits current sharing between the BDC units
while regulating v, during FRT. Simultaneously, the GSC
switches from constant v, control to constant i, control.
The control priority is equally given to 7, and i, according
to grid code priority. The control of i;, has the lowest priori-
ty. When the grid voltage returns above the FRT reset volt-
age, the BDC and GSC controllers automatically revert to
their normal operation controls.

D. Li-ion Battery Model

The behavior of a BESS plant, as can be observed from
POI during a grid fault, should ideally be independent of the
battery internal parameters such as the battery SOC. The
most relevant battery characteristics are included in this pa-
per to confirm that the proposed control strategy is tolerant
to battery internal characteristics.

The aggregated li-ion battery model implemented in this
paper is a modified version of the generic model proposed
and experimentally validated in [30]. This model has been
previously presented and validated against manufacturer’s
data in [27] and further modified considering multiple aggre-
gated BDC units in parallel. The terminal voltage of each
battery is given by:

vy =e, =Ry (2
e, is calculated in charging operation by:
0 . 0 ,
:E —K n . —K n E A _B-it
B s N AL R T 3)

where E, is the battery constant voltage; K is the polariza-
tion constant; it= f idt is the battery charge level; iy is the

filtered battery current obtained by filtering 7, through a first-
order low-pass filter with a time constant of 30 s as defined
in [30]; 4 is the exponential zone amplitude; Q, is the nomi-
nal battery capacity; and B is the inverse exponential zone
time constant.

The aggregated model parameter values are scaled based
on O, and V, as follows:

A=k,V,
B=kyQn+kp
K=k 7,0.) @

Ro=ky[ 7,00, ]
Ey=kgV,

where k,, ky,, ky,, k¢, kg, and kg, are selected to best match
the performance data given by cell manufacturers.
Q, is scaled using the BESS plant-level information as:

Qn = [(NBESS/NBDC ) PBESSTn Vdc (5)



BERGER et al.: DUAL CONTROL STRATEGY FOR GRID-TIED BATTERY ENERGY STORAGE SYSTEMS TO COMPLY WITH EMERGING ...

where T, is the total discharge time in hours to extract the to-
tal battery capacity Q, if the battery is discharged at a cur-
rent of /,=Q,/T,; and V,_ is the nominal DC-link voltage.
P, is calculated by:
P, = Nypss Pppss Pooc (6)
where pppe= po/Nppe 18 the initial power reference of each

BDC unit. The battery SOC is dynamically calculated as:
SOC= (1 - 5) x 100%

n

)

As shown in Fig. 1, the BESS plant investigated in this
paper has 45 BESS units (Npges=45) with Pyr=1.5 MW,
The total nominal power is 67.5 MW. For the purpose of val-
idation of the FRT control strategy with parallel-connected
BDC units, the total active power of the BESS plant is ei-
ther divided into two or four aggregated BDC units, i.e.,
Ngpc=2 or Ngpc=4, as shown in Fig. 1.

E. Analysis of BDC Model

1) BDC Model

The topology considered in this paper is the non-isolated
two-switch buck-boost. The equivalent schematic diagram of
the BDC average value model with battery and GSC interfac-
es in charging mode is shown in Fig. 3. The charging mode
operates in buck mode with Q, being open. The duty cycle d
of the pulse width modulation (PWM) control signal applied
to Q, is determined by the BDC controller, as shown in Fig.
5(a). In Fig. 5, vy, is the DC-link reference voltage; K, and
K, are the gains; R, is the droop resistance; e, is the error on
DC-link voltage; u; is the integrator output; and u is the PI
controller output.

Reference
follower

. Bumpless structure |,

' Droop control '+ vy,

Fig. 5. Proposed BDC control strategy in active state of FRT. (a) Simpli-
fied representation of control scheme. (b) Detailed representation of
bumpless structure.
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As can be observed from the DC-link, the GSC is acting
as controlled current i, ., which depends on v, and i, as
well as v,. i, does not depend on i, due to the selected
PLL control reference (v,,=0).

The proper control of the BDC units is mandatory for ade-
quate management of the DC-link during FRT operation of
the BESS plant. The sizing of the BDC controller requires
deriving its small-signal average model for defining the con-
trol-to-output transfer functions. It requires deriving the oper-
ating point in steady state based on the battery model and
BESS plant-level parameter values. In steady state, e,=FE,,
Vo=V 1,=1y, iye=1lyer Voe=Vyo d=D, and D'=1-D. With
P, for each battery calculated in (6), the operating point of
each BDC unit in parallel is calculated as [27]:

I,= DV~ E, /R, 8)
D=(E+ Va)2r,) ©)
A=E2+4V, R I, (10)
o= Py/Vy (11)

The small-signal model of the buck converter with battery
as a load is given with the standard state-space formulation,
and the symbol ~ represents the regression value:

de/di=Ax+ Bi (12)
y=Cx+Du (13)
where
)2: ‘idc
L iy |
a-| 4 (14)
:igSC:
}’;: {/\;\dc
LIy
[ -D
0 _—
I‘i Cdc
“Ip -r
L, L,
=
C C
B: de de (15)
Vdc
0
_Lb
~ 1 0
C:
o 1]
ﬁ:[o O]
0 0

2) Proposed BDC FRT Control Strategy

As previously described in Section II-B, during a grid
fault with the BESS in charging mode, significant DC-link
voltage drop can occur if the BDC units are operated with
conventional constant charging current control. The voltage
drop is a function of battery parameters such as V,, R, and
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SOC. Furthermore, if multiple BDC units are operated on
the same DC-link in parallel, the saturation of the BDC con-
trollers can lead to inadequate DC-link current management.

In this paper, it is proposed to enable the cascade control
of v, through the control of i,, during FRT, as shown in
Fig. 5(a). However, for multiple BDC units in parallel, it is
also necessary to ensure coordinated control between the
units to ensure stability and acceptable current sharing dur-
ing FRT. Since the BDC units are acting as loads, as can be
observed from the DC-link, it is proposed to implement a
positive droop control feature, as shown in Fig. 5(a).

Droop control is used to control v}, as a function of the
measured input charging current i,.. Droop control is particu-
larly important to ensure proper sharing of the current be-
tween the BDC units in presence of discrepancies on voltage
feedback measurements. As shown in Fig. 6, the main pa-
rameters of the droop structure are v}", the maximum DC-
link reference voltage v, and R,. The value setting of vii"
should consider the minimum permissible DC-link voltage
for small values of i, and R, must be high enough to en-
sure proper sharing with the maximum expected tolerances
on the voltage feedback measurements. For a fixed value of
viin the value of R, should also be limited to ensure that
there is no overvoltage on the DC-link for high levels of i,.
The necessity of the droop control with proper settings will
be demonstrated in Section III-C.

Vie

max
Ve

min

Vde

Fig. 6. Droop control for DC-link voltage regulation with parallel-connect-
ed BDC units during FRT.

The controller automatically resumes constant battery cur-
rent control once the FRT controller detects that the grid
voltage returns within the limits. The controller features a
bumpless structure to ensure a controlled transition from cur-
rent to voltage control, and vice versa. Prior to fault
(FRT=2), the output of u; is maintained to i{ff—erv such
that u follows iy to avoid discontinuity on if at FRT activa-
tion (FRT=1). The output low-pass filter ensures smooth
transition of the reference current when the controller returns
to il =iy’ at FRT deactivation (FRT=2).

To calculate the parameter values of inner current control-
ler, the transfer function between fb and d is extracted from
(12) - (15). For the outer voltage control loop, the transfer
function between the DC-link voltage v, and the battery ref-
erence current {; is determined by assuming that the dynam-
ic of i, is much faster than the dynamic of v, following the
design procedure presented in [31] with R,= V /1.

baofTy = DR J(sC R +1) (16)
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F. Proposed GSC Control Strategy

As shown in Fig. 1, BESS plants typically have a plant-
level controller that permits the control of either the reactive
power or voltage, or power factor at the POI, which is simi-
lar to wind parks [32]-[34]. This is important for determin-
ing the initial operating point of the BESS plant at fault in-
ception.

The proposed GSC control strategy for FRT of the BESS
plant in charging operation under flexible positive- and nega-
tive-sequence control compliant with [15] is presented in
Fig. 7, where ld*g and zqfs are the positive-sequence active and
reactive reference currents of GSC, respectively; K, and K, _
are the positive- and negative-sequence voltage regulator
gains, respectively; zdg* and lqg+ are the revised positive-se-
quence active and reactive reference currents, respectively;
i;g' and i;; are the revised negative-sequence active and reac-

tive reference currents, respectively; V,, and V,, are the d-

and g-axis components of V,, respectively; and V,, is the
grid voltage of GSC.
FRT i  FRT
; 3 1| Reference ' 3 FRT
de 3 ’: follower : 3 l i(;g l};g
prefl — : l : ! ldz fffff ‘ifffl 77777
de '+ oD € PI 1 : [ ‘V-
O i g |
TR L A
} ' Bumpless structure | | v 1
[ i l l'(" v
1 Outer DC-link voltage control | - - :
. and positive-sequence active | 1 |
1 current control ! Limiter ‘Inner current (+),
cCCI-CCICCCIZCIZZIZCIZZZZIZZIZZIoy . with : control |
| 48— P \ lgg | priority | fTTTooToooood
e mj? Kv> ; logic -
dg | - ! algorithm gy lgg
} Grid voltage control l (20)-23) | ---- J; - ,l ,,,,,

Fig. 7. Proposed GSC control strategy in active state of FRT. (a) Simpli-
fied representation of control scheme. (b) Detailed representation of
bumpless structure.

Prior to a fault, the BDC units are operated with constant
battery charging current control and the GSC regulates v,
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by controlling ;. The GSC also controls ¥, through i ;, calcu-
lated as [10]:

in=Ky. (1+aV"- V)

g 17)

In normal operation, the priority is given to the active (d-
axis) current for a proper DC-link voltage control. In this pa-
per, the network is assumed to be balanced such that i(;;:
i,,=0 prior to a fault.

During FRT, the BDC controller switches to constant v,
control, as presented in Section II-E. In this case, the GSC
stops regulating v, and changes to constant i, control. The
proposed GSC control strategy limits the adverse impact of
the consumption of 7, on the ability of the BESS plant to
support grid voltage while ensuring the minimum possible
perturbation on the DC-link. This is achieved by controlling
iy, to be the maximum value permitted by the limiter with a
priority logic algorithm. The impact of i;, control on DC-
link voltage regulation and grid voltage support with BESSs
in charging mode is discussed in [28].

Under flexible positive- and negative-sequence control
compliant with [15], the GSC regulates iy, i, i4, and i .
During an unbalanced fault, the negative-sequence reactive
reference current i;g is calculated to be proportional to
v, [10]:

=KV, (18)
where K, _=2,3,...,6 according to the grid code require-
ments [15]; and ¥, is defined as:

Vo= Ja) () 19)

During a grid fault, the reference for the injection of zq’; is
determined by (17). The priority is given to the injection of
i,, and i, for grid voltage support and reduction of negative-
sequence voltage, respectively. The control of i;, and i, is
defined such that they both have the same priority level over
the d-axis currents. The reactive reference currents are limit-
ed when ’zqu,‘ + ‘i{;‘ >I," by revising their values with [32].

s o )
Iy and i 4e AI€ calculated as:

lim
l’+_l-’+ qu
g8~ qgl | L, ‘ .v_‘
L Log | T |lge i
- - (20)
lim
io=i log
qg — Tagl | ., ‘ .r,‘
L Log | T |Lqe i

where 7" is the total current limit specified in the g-axis.
The negative-sequence active reference current i;,'g is then
calculated to ensure that the phasor /, is ideally 90° phase-
shifted from the phasor V', such that the GSC absorbs purely
reactive power in the negative-sequence frame. However, the
current in the d-axis is limited by the level of reactive cur-
rents required in the g-axis in (20). The maximum available

active current in the d-axis li};‘ is dynamically calculated

as [32]:
t= (o) -

@n
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where ;™ is the total current limit specified at the terminal
of the GSC. The limiter with priority logic algorithm dynam-
ically limits the magnitude of negative-sequence active cur-
rent in the d-axis i, as follows:

il

where ;" is the total current limit specified in the d-axis.
The control of i, has also the priority over the positive-se-
quence active current i,, such that the available charging
current i, naturally decreases following the requested de-
mands in 7, i, and i . This ensures the minimum perturba-
tion in the system while prioritizing grid code requirements.
The proposed GSC control strategy permits controlling the

positive-sequence active current 7y, during FRT, but it is dy-

namically limited as:
J=lil lmel) e
As shown in Fig. 7, i,/ i !, i,., and i ; are then regulated
by inner controllers. The GSC outer DC-link voltage control-
ler automatically resumes to constant DC-link voltage con-
trol once the FRT controller detects that the grid voltage re-
turns within the limits. The GSC outer DC-link voltage con-
troller also features a bumpless structure for the controlled
transitions at FRT activation and deactivation. The output
low-pass filter ensures smooth transition of the reference cur-
rent when the controller transitions from v, control
(FRT=2) to constant current control with i =17" at FRT ac-
tivation (FRT=1). During a fault, u;, is maintained to i;fg“—
K e such that u follows if " to avoid the discontinuity on i,
at FRT deactivation (FRT=2).

-lim
1 dg

? ?

i, | =min | 13 (22)

+lim

sref+
4 ldg 4 ldg

ER . . lim
’zdg —m1n(m1n(‘]dg

G. Test Network

The proposed FRT control strategy is validated using the
120 kV/60 Hz transmission network shown in Fig. 8 [27].

BUSI1 BUS2
100 km
VI
BESS | " “poi
lant BUS3 =50
plan 50 km 75 km Equivalent
system
BUS4 120 kV
50 km 50 km
+jFault —]
= 50 MVA 7 Fault
BUSS ?
30 MW
15 Mvar
30 MW
15 Mvar

Fig. 8. Diagram of 75 MVA BESS plant connected to 120 kV/60 Hz trans-
mission network.

The BESS plant is located at BUS1. The BESS plant mod-
el has a total nominal apparent power of 75 MVA. The main
values of simulation parameters are provided in Table Al in
Appendix A.

Each battery has a different initial SOC to analyze the effi-
ciency of the proposed FRT control strategy to correctly han-
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dle the discrepancies in battery SOCs. Furthermore, the mod-
el considers the tolerances on DC-link voltage measurement
between the parallel-connected BDC units. This is important
to demonstrate the benefits as well as the efficiency of the
droop control solution for DC-link management when multi-
ple BDC units are operated in parallel and controlling DC-
link voltage.

At fault inception, the BESS plant absorbs O,,;=0.1p.u..
Double line-to-ground faults are applied at BUS1, BUS3s or
BUS4, which are applied at /=2 s and removed at t=2.5 s.
In all of the analyzed scenarios, the voltage and fault dura-
tion at the POI fall within the region, where the BESS must
remain connected to the power grid according to the low-
voltage ride through (LVRT) requirement of German grid
code for a two-phase fault as shown in Fig. 9 [15].

14p

__________________________________

1.2+
1.0F

Connected
0.8+

0.6+ Two-phase fault
LVRT limit
0.4}

Grid voltage (p.u.)

0.2+

L L L L L J

0 1 2 3 4 5 6
Time (s)

Fig. 9. LVRT requirement of German grid code for a two-phase fault.

III. ANALYSIS OF BESS wiTH PROPOSED FRT CONTROL
STRATEGY

A. Validation of Performance of Proposed FRT Control
Strategy on DC-link Management

As introduced in Section II-C, the proposed FRT control
strategy includes changing the control of the BDC units and
the GSC during FRT. At FRT activation, the BDC units
transfer from constant battery current i, control to constant
DC-link voltage v, control through a droop structure based
on measuring i,,. The GSC transfers from outer loop con-
stant v,, control to constant control of ij,. When the FRT
controller detects that the grid voltage recovers to be within
the limits, the BDC units automatically revert to constant i,
control and the GSC controller reverts to constant v,, control.

The performance of the proposed FRT control strategy on
DC-link management is compared with constant charging
current control in Fig. 10. For this investigation, battery 1
has an initial SOC of 90% and battery 2 has an initial SOC
of 20%. The initial power level of BESS plant is set as p,=
0.75 p.u.. The two-phase fault is applied at BUS4 with K, _=
2. These results confirm that BDC DC-link voltage control
can significantly reduce the transient voltage drop at fault in-
ception as well as rapidly bring the DC-link voltage back
within the range in steady state. Furthermore, the droop con-
trol also ensures proper current sharing between the BDC
units as well as prevents the increase of i;, in the BDC unit
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which supplies the battery with the lowest SOC. This ap-
proach also reduces the recovery time at fault removal as
shown in Fig. 10. It is also worth mentioning that further in-
vestigations show that the proposed FRT control strategy al-
so improves DC-link voltage control in discharging mode
which reduces the use of the chopper during FRT. This re-
quires tuning the BDC controller settings as well as the
droop parameters.

Fault inception Fault removal
— BDC constant current control for battery 1
— - BDC constant current control for battery 2
— Proposed FRT control strategy for battery 1

0.44 — - Proposed FRT control strategy for battery 2
) S - U M
3 032+ :
=026} :
0.20 1
0.14 : : .
— BDC constant current control for battery 1
— - BDC constant current control for battery 2
— Proposed FRT control strategy for battery 1
0.620 __ Proposed FRT control strategy for bqttery 2
- 0.53 VN i e i~ Increased stress
2 0.44 ; during fault
\é 0.35+ :
T 0.26f 1
0.17 L L -
1.2 . — BDC constant ¢current control l
1.1+ — Proposed FRT control strategy 3 "~
v | |
£ 09 ' 1| Chopper action
208} | ‘
0.7+ | l
06 1 1 )
1.5 2.0 2.5 3.0
Time (s)
Fig. 10. Simulation validation of performance of proposed FRT control

strategy on DC-link management with Ny,.=2.

B. Robustness Validation of Proposed FRT Control Strategy

The robustness of the proposed FRT control strategy to dif-
ferent grid code requirements, the severity of the grid fault,
and the initial operating conditions of BESS plant are validat-
ed in this subsection.

The results in Fig. 11 show the BESS plant response to
the minimum and maximum values of K, _ according to the
German grid code [15], i.e., Ky,_=2 and K,_=6. For this
validation, both of battery 1 and battery 2 have an initial
SOC of 80%. The initial power of BESS plant is set as
Po = 0.95 p.u. and the two-phase fault is applied at BUS4.

In both cases, the results show that no chopper action is
required at fault removal. The results also show that a higher
value of Ky leads to increased injections of both i , and i,
which reduces the level of i, to continue charging the bat-
tery at the same rate.

The results in Fig. 11 also show that the BDC controller
automatically reduces i, at an appropriate level for each bat-
tery to maintain the power balance on the DC-link, such that
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vy 18 properly regulated during the fault. It also shows that
the BESS plant properly recovers to pre-fault conditions at
fault removal as required by grid code. This confirms that
the proposed control strategy is tolerant to the negative-se-
quence injection requirement of the German grid code. A
similar conclusion can be drawn on K, since i;, also limits
the control of 7.

Fault inception Fault removal

—Ky.= 3 3
— Ky = | 1
1.0 .~ - LVRT curve according to grid code requirements
—~ 0.8 w
2 06} !
5 0.4+ |
02} T p——
0 Ll

|

— Battery 1 when K,_=2 }
— - Battery 2 when K,_ =2 !
— Battery 1 when K,_=6 !
— - Battery 2 when K,_ =6 !

2 Battery current |
sharing during fault | |

=S
= 0.95
3 0'90 § DC-link voltage
0' 35 regulated during fault

der

igg un
priority 2 (p.u.)

=
5 £0.
RS %
] . ‘ Ay
3%,3.‘%"0.25 | Limited per grid ! 71{\\?7 6
T2 0 code priority J ‘
a
1.5 2.0 2.5 3.0
Time (s)
Fig. 11. Simulation validation of robustness of proposed FRT control strat-

egy to grid code priority K|, when N,

spc = 2-

Furthermore, the results in Fig. 12 show a comparison of
the BESS plant response for a fault at BUS1, BUS3, and
BUS4 under similar pre-fault conditions. For this validation,
battery 1 has an initial SOC of 90% and battery 2 has an ini-
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tial SOC of 20%. The initial power level of BESS plant is
set as p,=0.75 p.u.; and K,,_=2.

Fault inception

Fault removal

; 0.6L —BUS4 i
\',g 04— BUS3 |
»* 02— BUSI 1

— Battery 1 at BUSI 1
— - Battery 2 at BUS| 1
— Battery 1 at BUS3 1
— - Battery 2 at BUS3 1
— Battery 1 at BUS4
[ — - Battery 2 at BUS4

Battery current

DC-link voltage
regulated during fault:|

priority 1 (p.u.) priority 1 (p.u.)

S O 0000 OO0 000
D Dok owo Wiv—o—iow

(=]

S o
b

priority 2 (p.u.)

o
=)

~ 1.00
L 8075
55

2 7050
0.25

0
L5 2.0 2.5

Time (s)

u

dg
priority

Fig. 12. Simulation validation of robustness of proposed FRT control strat-
egy to fault severity when N, .= 2.

For the faults at BUS3 and BUS4, the results show that no
chopper action is required at fault removal.

For a fault at BUSI, the chopper is activated once at fault re-
moval. For a fault at BUSI, low-frequency oscillation is due
to PLL transient response.

As expected, the voltage drop at the POI is also the most
severe for a fault at BUS1. The results show that a closer
fault at BUS1 or BUS3 leads to increased injections of i,
iy and i,, which significantly limits the amount of i;, ab-

sorbed by the GSC according to the grid code priority. For a
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fault at BUSI, the available quantity of 7j, is almost zero.
The results also show that i, is reduced as required for each
battery so that v, is properly regulated during the fault. For
a fault at BUSI, it is also noted that the total battery current
must be significantly reduced to maintain vy, ;..

The results also show that the current in battery 2 eventually
decreases to zero due to the low available quantity of i;,. In a
worst-case fault scenario, i,, decreases to zero. In this case, the
current decreases to zero in all batteries and the BESS plant
naturally stops charging the batteries according to grid code
priority (not shown). The results also show that the BESS
plant properly recovers to pre-fault conditions following the
fault removal according to grid code priority. This confirms
that the proposed control strategy is also tolerant to the fault
severity.

Finally, the results in Fig. 11 show the system response
when both batteries have an initial SOC of 80%, and the
BESS plant has an initial active power set-point of p;=0.75
p-u.. The results in Fig. 12 show the system response under
a different set of operating conditions. The initial SOCs of
battery 1 and battery 2 are 90% and 20%, respectively, and
the initial active power set-point of the BESS plant is p,=
0.95 p.u.. Since the proposed FRT control strategy permits
proper FRT operation in all the cases analyzed in Fig. 11
and Fig. 12, it is also concluded that the proposed FRT con-
trol strategy is tolerant to initial operating conditions of
BESS plant such as battery SOC and active power set-point.

C. Analysis on Importance of Droop Control

The main objective of the droop control is to adapt v}, to
properly share the current among all the BDC units in paral-
lel. Ideally, they should share equally the total charging cur-
rent on the DC-link, i.e., iy, =1, /Nppc, given that they have
the same v). However, in practice, system discrepancies
such as the tolerances on voltage feedback measurements
can drive some BDC controllers into saturation, while other
BDC units do not contribute to maintaining v,,. The impor-
tance of the droop structure on charging current sharing is
shown in Fig. 13. For this analysis, both battery 1 and bat-
tery 2 have an initial SOC of 80%. The initial power level
of BESS plant is set as p,=0.95 p.u.. The error on voltage
measurement is K,=1 for battery 1 and K,=0.99 for battery
2. The two-phase fault is applied at BUS4.

The tolerance on DC-link voltage measurement can be
modeled as an additional gain K, in the voltage feedback
measurement circuit, as shown in Fig. 14. The control de-
sign equation is given as:

e, =V +R i, — K, v, (24)

The objective of outer DC-link voltage controller of the
BDC is to have e,=0. Since v and v, should be identical
for all parallel BDC units, if K, <1, then, according to (24),
the term R i, must be decreased, such that v} decreases to
compensate the error introduced by K <1. Since R, is a
fixed parameter, i,, and i, will both naturally decrease fol-
lowing the action of outer DC-link voltage controller of the
BDC. The behavior is opposite if K > 1.
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Fault inception Fault removal
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Fig. 13. Simulation results showing benefits of droop control on charging

current sharing with N, = 2.

min

'
Vd Vde + ~ &

Fig. 14. Droop control with K, on DC-link voltage measurement.

The second objective of the droop control is to adapt v}
to stabilize v . In the charging mode, the parallel BDC units
all act as loads as can be observed from the DC-link. For ex-
ample, if v, decreases, it means that 7, is too high com-
pared with the current injected by the GSC i,,. Positive
droop control is used to naturally increase v}, to decrease the
value of i; sent to the BDC inner loop current controller.
The behavior is opposite if the DC-link voltage increases.
As shown in Figs. 10-13, proper droop settings can signifi-
cantly reduce the transient voltage drop at fault inception
and the overvoltage at fault removal.

In Fig. 15, the performance of the proposed FRT control
strategy to properly manage the DC-link during grid fault is
also validated with a higher number of BDC units in parallel
(Ngpe=4) with each battery having a different initial SOC
and each BDC having a different K, on its voltage feedback
measurement. While R, is kept the same as for the previous
scenarios with Ngp.=2, R, can be tuned as needed to im-
prove both current sharing and DC-link voltage level. For
this validation, battery 1 has an initial SOC of 20%, battery
2 of 40%, battery 3 of 60%, and battery 4 of 80%. The error
on voltage measurement is K =1.01 for battery 1, K=1.00
for battery 2, K,=0.99 for battery 3, and K ,=0.98 for bat-
tery 4. The initial power level of BESS plant is set as p,=
0.95 p.u; and K,_=2. The two-phase fault is applied at
BUS3.
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Fig. 15. Simulation validation of proposed FRT control strategy with a

higher number of BDC units in parallel (V,,.= 4).

IV. CONCLUSION

Operating a BESS plant under conventional constant
charging current control may lead to inadequate DC-link
management under stringent unbalanced grid fault condi-
tions. This problem is aggravated with a flexible positive-
and negative-sequence control scheme compliant with the
German grid code [15] requirements and with multiple bat-
teries connected to the same DC-link through BDC units. In-
adequate DC-link regulation can in turn prevent BESS plants
from complying with emerging grid code requirements on
additional reactive current in the positive- and negative-se-
quence systems.

The contribution of this paper is the proposal of a new
FRT control strategy for compliance of practical BESS
plants with emerging grid codes such as the German grid
code in charging mode. The proposed control strategy con-
sists of adapting the controls of the BDC units and GSC up-
on receiving an FRT activation signal. At FRT activation, the
BDC units switch from constant battery current control
mode to constant DC-link voltage control mode through a
droop structure. The GSC switches from constant DC-link
voltage control mode to constant positive-sequence active
current control mode. The control priority is equally given to
negative- and positive-sequence reactive current control ac-
cording to the grid code priority. When the AC voltage re-
turns to the normal operation region, the BDC and GSC con-
trollers automatically revert to their initial controls. The pro-
posed control strategy is tolerant to initial operating condi-
tions of BESS plant, grid code requirements as well as fault
severity, and ensures the minimum perturbation on the DC-
link.

APPENDIX A

TABLE Al
MAIN VALUES OF SIMULATION PARAMETER

Parameter Value
Nominal grid voltage 120 kV
(root mean square)
Nominal grid frequency 60 Hz
Prrss 1.5 MW
Shess 1.67 MVA
BESS Npgess 45
plant Ngpe 2or4
Total nominal active power 75 MW
FRT pickup voltage 0.85 p.u.
FRT reset voltage 0.85 p.u.
Initial reactive power absorbed ‘Q];oi 0.1 p.u.
Ve 1150 V
vl 1.0 p.u.
DC-link Vic.on 1.1 pu.
Vge.oft 1.025 p.u.
Total DC-link capacitance 1.7F
Ky, 2
Il 1.0 p.u.
asc “ P
1, 1.0 p.u.
lim
1, 1.1
L, 0.33 mH
BDC R, 5 mQ
Viin 0.95 p.u.
) 29.35 kAh (Ngpc=2)
" 14.68 kKAh (Ngp.=4)
v, 805V
A 68 V
B 0.0019 Ah™ (Ngp=2)
0.0023 Ah™ (Ngpo=4)
Battery
R 0.274 mQ (Ngpe=2)

; 0.549 mQ (Nypo=4)
0.00015 V/Ah (Nype=2)

K 0.00030 V/Ah (Nype=4)

E, 870 V

T, 1 hour
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