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Abstract—This paper presents the complete design of a local
controller for a grid-supportive battery energy storage (BES)
system. The controller’s objectives are 1) to execute commands
issued from the secondary controller, 2) to provide grid support,
3) to prevent converter over-current during transient low-voltage
incidents, and 4) to maintain the state-of-charge (SOC) of the
battery. The grid support is divided into static, i.e. the droop-
based, and dynamic, i.e. the inertia-based, voltage supports. The
proposed controller uses an optimally designed full-state feedback
approach which merges the voltage and current controllers. This
makes the design more systematic, flexible, and with better trade-
off in speed and damping. The proposed BES is autonomous
meaning that it does not have to be co-located with a renewable
resource. This autonomous feature allows the BES to connect to
any critical node in a system, detect disturbances through local
measurements, and provide support regardless of the origin of
the disturbance. Mathematical derivations, computer simulations,
and laboratory experimental results of the proposed controller
are presented in this paper.

Index Terms—Battery energy storage (BES) system, intermit-
tence of renewable sources, grid support, capacitor emulation,
virtual inertia, dc microgrid

I. INTRODUCTION

ENEWABLE energy resources, such as solar photo-

voltaic (PV) and wind energy, are being increasingly
deployed in modern power system due to the technological
advancements, increasing public awareness, and governmental
supports. The levelized cost of energy (LCOE) of residential,
commercial, and utility scale PVs are 10¢, 8¢, and 6¢ per
kWh, respectively in 2020—down from 52¢, 40¢, and 28¢
in 2010—and are expected to go down another 50% by
2030 [1]. The installation of PV is expanding with a global
projection of 13% annually from 2020 to 2030, contributing
to almost one-third of electricity demand [2]. However, the
uncertain and intermittent nature of PV still constitutes a major
challenge against its high penetration. The abrupt disturbances
cause voltage fluctuations, over-voltage or under-voltage situa-
tions, and even instabilities [3]-[5]. Standards are increasingly
stipulate complying indices for distributed energy resources
(DERSs). According to IEEE Standard 1547, a DER cannot
cause voltage fluctuations exceeding 3% for a medium voltage
and 5% for a low voltage interconnection [6]. The battery
energy storage (BES) technologies are considered as means for
balancing the intermittence. They are expected to play a major
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role in the emerging power grid. They may even serve as the
anchoring sources at high penetration of renewable sources.
The cost of battery technology has also decreased over recent
years. For example, the price of the lithium-ion battery has also
decreased from $1100/kWh in 2010 to $156/kWh in 2019, and
projected to reduce to $61/kWh by 2030 [7].

Microgrid, a cluster of DERs and loads with a single
point of coupling to the main grid, is a promising way of
control and coordination of a large number of DERs. With
the proliferation of PV and BES technologies, the dc and
hybrid dc/ac energy systems are increasingly used [8]-[11]
to reduce the number and size of conversion systems, and
reduce the power conversion losses. The dc distribution is
advantageous in applications involving electric vehicle (EV)
charging, data centers, telecommunication towers, LEDs, and
household devices [12]-[14].

To address the PV disturbances, a number of solutions have
been presented. In [15], the PV curtails the generation in case
of over-voltage at the cost of total revenues. In [16], when the
PV power suddenly rises, it is curtailed and a ramp rate control
is applied. This method cannot address the ramping down of
the PV. Ramping or filtering the PV power using battery and
capacitors is proposed in [17]-[20]. In [17], moving average
based control is proposed using electric double-layer capacitor
to respond to PV fluctuations exceeding a certain limit. In [18],
a BES station is used for PV/wind power smoothing. The
power levels of the BES units are adjusted based on the
fluctuations and the state-of-charge (SOC) levels. Direct ramp
rate control of the PV power is presented in [19]. The methods
in [18], [19] do not present how the dynamics of the converter
are addressed in the control design. The method in [20]
presents the details of the control design to ramp the PV
power at the desired rate during disturbances. However, the
BES controllers in [17]-[20] require real-time measurement
of PV output, which strict the location of the storage device
and need a high-speed communication link. Moreover, the
BES responds to the disturbances that originate from its local
PV only. A centralized power management strategy based on
virtual inertia is presented in [21]. It also requires a high-speed
communication link between the converters.

The synchronous generators (SGs) have formed a largely
stable power grid thanks to their powerful inertial and governor
responses. Therefore, virtual synchronous machines have been
proposed to mimic the SGs in the ac systems [22]-[24]. The
analogous concept has been extended for dc and hybrid dc/ac
systems [25], [26]. In [27], a controller for three-phase inverter
is proposed that provides virtual inertia to the dc side by

0885-8993 (c) 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieeeorg/éaublicationsﬁstandards/publications/ri hts/index.html for more information.
Authorized licensed use limited to: Mississippi State University Libraries. Downloaded on September 21,2

1 at 20:59:39 UTC from |IEEE Xp%ore. Restrictions apply.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TPEL.2021.3103539, IEEE

Transactions on Power Electronics

(from secondary controller)

SoCset
S

OC control 1«

,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Rct
I

static support dynamic support

current controller

Fig. 1: Block diagram presentation of the proposed dc grid-supportive controller.

adjusting the voltage of the dc link capacitors. However, this
method is not applicable for converters with BES because of
fixed voltages. The droop gain is adjusted in [28] to generate
extra power during the voltage fluctuations. This method,
however, introduces voltage differentiation into the control
strategy that may excite high-frequency dynamics. SOC based
virtual inertia is introduced in [29] that adjusts the droop gain
based on the SOC of the BES. A capacitor emulation approach
is presented in [30]-[32] to provide inertia during system
disturbances. The controllers in [29]-[32] have cascaded pro-
portional integrating (PI) based voltage and current controllers
whose performance deteriorates due to interaction of current
and voltage loop, especially during weak grid situations.

In this paper, we propose a controller for a grid-supportive
BES system to address the multiple issues discussed above.
The proposed controller uses the idea of capacitor emulation
and droop control to provide dynamic and static supports. Un-
like the common practice of separately designing the current
and voltage loops, the proposed controller uses an optimally
designed full-state feedback controller where the voltage loop
is merged in the current loop. This provides more flexibility
in design with robust performance. More particularly, the
proposed controller simultaneously addresses the following
aspects. 1) It is autonomous and is not dependent on a
local renewable resource. This allows the BES to connect
to any critical node, detect the disturbances through local
measurement without requiring high-speed communication,
and provide support during the disturbances regardless of their
origin. 2) It can execute commands from a central controller.
These commands are determined by the central controller con-
sidering the economic and technical aspects of the system and
coordination with other resources for optimal power/energy
management. 3) Both dynamic (or inertia) and static (or droop)
supports are provided and their levels are easily adjustable. 4)
It allows optimal full-state feedback control design leading to
more robust responses. 5) It prevents the over-current of the
BES converter against transient low-voltage incidents. 6) An
SOC controller is incorporated.

II. PROPOSED CONTROLLER AND SYSTEM EQUATIONS

Figure 1 shows the block diagram of the system, including
a battery connected to a dc bus via a bi-directional converter
and its proposed controller. The dc bus, denoted by the voltage

Vg, can be a node in a dc grid/microgrid or the dc-link of a
dc/dc or dc/ac converter depending on the application.

The system disturbances leave a signature on the dc bus
voltage vy. The BES detects this signature and responds
accordingly. This response has two grid support components:
1) Dynamic support is an inertia-type response generated
by emulation of a capacitor with capacitance C, and 2)
Static support is a droop-type response generated by the term
K,(V; — vg), where V; is the nominal value of v,. The
controller also limits the converter current to protect it against
transient low-voltage disturbances and maintains the SOC of
the battery.

For a bi-directional full-bridge voltage source converter
(VSC), if m(t) is the modulating signal of the PWM and
Vhat 18 the battery voltage, the average output voltage of the
converter i Vbo(t) =m(t)Viat. Define u(t) =m(t) Voas as the
control input, then

d 1 1

Sivalt) = —inalt) + () = fu®) (D)
where ip,(t) is the output current of the converter, Ly, is the
inductance of the filter, and Ry, is its parasitic resistance. The
mathematical model of the entire proposed BES system and
controller is shown in Fig. 2 (a) which is derived based on
averaging of signals over a switching cycle.

The dynamic grid support is achieved using capacitor em-
ulation as shown by “capacitor emulation” in Fig 2. (a). This
establishes the relation

I — iy = Cc 2)
where I* = g + Isoc is supplied by the slower external
loops. This follows the dynamics of a virtual capacitor with
capacitance C' and voltage v. as shown in Fig. 2 (b).

In order to provide a support to the grid voltage, the grid

voltage v, and the capacitor voltage v. must be coupled. This
is done by the “voltage loop”. The “voltage loop” establishes

Ve — Vg = G0 Ry 3)
where R, is a positive constant. Since the current control loop
is fast, the converter output current i, is equal to 7} at the
timescale of the voltage loop. Thus, (3) indicates a virtual
resistance R, between the virtual capacitor and the dc voltage
as shown in Fig. 2 (c). Therefore, the “capacitor emulation”
and “voltage loop” together emulate the capacitor C' connected
to the dc bus through the resistor R,. Conventionally, a PI
controller is commonly used for this block, which complicates
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Fig. 2: a) Mathematical model of the proposed BES system, b) Equivalent circuit of capacitor emulation, c) Equivalent circuit of voltage
loop (between v. and vg), and d) Equivalent circuit of fast current loop.

the design and can also compromise the stability margins of
the controller as shown in Section IV-B6.

The static support is expressed by droop function as

-Pss = lget T KV(% - Ug) (4)

where B is the power set-point, and K, is the droop gain.

Current control loop is the innermost loop in Fig. 2(a). It
must be fast to tightly regulate the converter current, i, at the
reference value, . Contrary to the existing literature which
do not use a feedback of v, in this control loop, a full-state
feedback with the gains kq, ko, and k3 is used in this paper
to achieve full control.

The SOC of a battery is the ratio of available charge capacity

to its total value. Mathematically, it can be expressed as
t

1/ d 1
SoC(t):SoCOfa/ozbo(t)dt = ﬁSOC(t)ffazbo(t) 5)

where SoC is the initial SOC, and @ is the charge capacity in
Ampere-second. The SOC controller generates the increment
current, I5o, to drive the SOC to its set-point SoCse. The
parameter « adjusts the strength of SOC control, and S adjusts
the level of static support based on the SOC status.

Remark 1: The central controller can communicate low-
bandwidth power commands to the BES system, shown by R
in Figs. 1 and 2. This set-point is obtained at the secondary
level by solving a given optimization problem considering
the economic dispatch of the available resources for optimal
power/energy management. The optimization at secondary
level control is beyond the scope of this paper. The locally
generated static and dynamic supports are added on the top of
this power command. The central controller can also optimize
SOCget, as well as the level of static and dynamic supports
determined by K, and C, respectively.

III. DESIGN OF PROPOSED CONTROLLER

The proposed controller has the following 10 parameters:
C, R,, K,, the current control gains ki, ks, k3, the SOC
control gains (kisoc, k2soc) and the SOC-driven parameters
(o, B). Their design is explained in this section.

1) Virtual Capacitor (C): The capacitor generates the in-
ertia (or dynamic) power

Payn = —Cvcte = —Cuvgvg = —CV,0,. (6)
The system voltage Vg, its rate of fluctuations vy, and the
desired level of support will lead to a proper choice of C.

2) Virtual Resistor (R, ): For an “actual” capacitor directly
connected to the dc bus, the voltage of the capacitor is
equal to the voltage of the dc system, i.e. the resistance is
zero. Here, we have to consider a non-zero R, to allow the
controller function properly. The resulted RC circuit has a
cut-off frequency of f. = ﬁ. Therefore, R, should be
small enough to allow a sufficiently large bandwidth. However,
too small R, increases sensitivity to the noises and the sharp
jumps in v, and results in over-modulation. The recommended
value of R, is between 0.01 p.u. to 0.1 p.u.

3) Droop Gain (K,): Ttis set K, = PE{,Zd where P,,teq 1S
the rated power of the BES and AVj is the allowable voltage
deviation at dc bus. The output of this module is passed
through a limiter for extreme voltage transient conditions.

4) Current Control Gains (ky, ko, k3): The design is
done using the linear quadratic tracker (LQT) technique. In
Fig. 2 (a), assume z1(t) = [e(t)dt = [(—ino(t) + i1 (t))dt,
Zo(t) = ino(t), and x3(t) = vc(t). Thus,

L S T S PRI I 4
T1 wg—f—RV IRV, To bez—i—Lb In o
533:—% w%? u=—kyx1—kowo—ksws+ Vg

where the constant feed-forward term Vi = vg(0) + k3vc(0)
is for the soft start. The term v, (0) may be replaced with
a filtered version of the grid voltage for improved current
limiting. The objective is that zo tracks its reference in the
presence of disturbance. This is a robust tracking problem
which can be converted to a linear quadratic regulator (LQR)
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problem by applying % to both sides of (7) to obtain

. n 1 . Ry, n 1
Z1 = —22 —2Z3, 29 = ——29 —w
Ry Ly Ly, (8)
. 1
zZ3 = —62’2, w = —k121 — k’QZQ — k323

where z;(t) = 4;(¢), and w(t) = u(t). The current command
components igs and I, have slow dynamics and the grid

voltage, vg, is a dc quantity. Therefore, %vg = %iss =
4 Ioc = 0. The equation set (8) is
2(t) = Az(t) + Bw(t), w(t)=—-Kz(t) )
where
0 -1 0 k]t
A=10 - 0|, B=|1|, K= |k
0 -& 0 0 ks

The objective is to regulate z1(t) = e(t) at 0. Define a cost

7= /O T 00 + 230 + 45230 + wAW)] de. (10)

The parameters ¢;’s can be systematically adjusted for the
design of K to achieve fast and smooth response in current
control [33]. The numerical designs are shown in Section IV.

Remark 2: In the conventional structure, Fig. 21, the current
and voltage loops are nested and designed separately (branch
ks is absent). This means the voltage loop should be made
several times slower than the current loop. However, forcing
the current loop to have a very high bandwidth to allow a
larger bandwidth margin in the voltage loop may lead to
over-modulation of PWM during the transients. The proposed
controller does not suffer from this issue. With an extra
feedback branch ks, consideration of virtual capacitance (C')
and virtual resistance (R, ), both loops are merged. This makes
the choice of R, more flexible to obtain sufficient speed and
damping in the proposed controller.

Remark 3: For the soft start, the integrator in the ‘capacitor
emulation’ is initialized at vy (0). Moreover, during the current
limiting mode, the voltage of the virtual capacitor is frozen to
achieve a smooth limiting and transition to normal condition.

5) SOC Control Gains (kisoc, k2soc): They are designed
using the approach in [20], [34]. Since this loop is slow, the
dynamic support and current control loop are considered as
unity during the design as shown in Fig 3. Let z(t) =
J(=S0C(t)4+S0Cset)dt, x2(t) = SoC(t), and u(t) = Isoc(t).

4

Ug >= Vé I I Aﬁ I I Vg < Vf;’
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Fig. 5: Adjusting 8 on varying SoC.

The state equations are

1
i’lz_xQ"_SOCsct; i'2:_§uv U= —K1s0c®1—FK2s0cT2 (11)

The objective is that zo tracks its reference in the presence
of disturbances. This is converted into an LQR problem by
applying % to both sides of (11) to obtain

2 = —Zz2, 29 = _awv w = _klsoczl - k2soc22 (12)
where z; = 2; and w = 4. The equation set (12) is
2(t) = Az(t) + Bw(t), w(t) =—Kz(t) (13)

where
_ 0 —1 _ 0 _ klsoc
A=l o]o=5) 5=zl
The objective is to regulate z; = e(t) to 0. Define the cost

/= /Oo[qwg(t) + 223 (t) + w?(t)]dt, (14)
0

where ¢;’s can be systematically adjusted to design K [33].

6) SOC Control Rate («): It adjusts the rate of
charge/discharge. It is set as
a—{l’ for SoC, < SoC < SoC,

T 147]S0C —S0Cset|, otherwise
where 7 is a positive constant, Fig. 4. This works by increasing
the strength of the SOC controller as the actual value of SOC
distances from the desired value.

7) Static Support Adjust Gain (): This adjusts the static
support term as SoC' distances from its set-point and prevents
possible depletion or overcharging [35]. The design is shown
in Fig. 5 which is expressed as

15)

1, if vy <V; AND SoC, <SoC
£E=50Cinif vy <V AND S0Chin < S0C < SoC,
0, if vy <V; AND SoC < S0C iy
8=
1, if v, >V, AND SoC <SoCh,
Solmax=80CL - if vy >V AND S0Ch, < SoC < S0Chax
0, if v >V, AND SoCiax < SoC
(16)
where SoCp;in, and SoC.x are minimum and maximum

limits. The controller starts reducing the static support when
the SoC crosses the lower/upper boundaries, SoC, and SoC},.

IV. NUMERICAL DESIGNS AND SIMULATION RESULTS
A. System and Parameters

Figure 6 shows the study system. It has a 14-bus dc system
consisting of a PV system of 15 kW at bus-7, the proposed
BES at bus-8, and the loads at different nodes. The loads are
of three types- constant resistance (R-type), constant power (P-
type), and constant current (I-type). The nominal dc voltage
of the system is 400 V. The dc line parameters and the loads
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Fig. 6: Study system: an dc/ac hybrid system including a dc microgid (PV, BES, and loads) connected to an ac system.
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1(:} Y A link capacitor of Cp,, = 500 pF, and the output filter Ly, =
va va 2.5 mH, R,, = 50 m{, Fig. 7. The control structure and
Tpvo Ubus design is from [20], [36] leading to ki, = —1333.35, kopy =
MPPT  M—ipy gy (£) - 2.82, and k3p, =237.13, kapy=—1.14, k5.pV:829.4'3, kopv =
Algorithm |y | PWM froes 0.59. A perturb and observe MPPT algorithm [37] is used.
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kspy fe—— Vhus t dq frame current control approach is used as shown in Fig. 8.
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are shown in Table I. The dc system is connected to an ac
system via a three-phase converter of 18 kVA. The ac system
is modeled as a three-phase ac source behind a grid impedance
of Zy = 0.1194 + j1.194 Q. The nominal ac voltage at the
point of common coupling is 208 V (L-L) and a local ac
load (F) of 7.07 kVA (at 0.7 PF lagging) is connected. The
switching frequency of each converter is 10 kHz. More details
on the components of the system are given below.

The dc link capacitance is Cqc. = 1.2 mF and the filter
is 2.5 mH with 50 m{2. The VSC regulates the dc voltage
at Vj, = 400 V using a PI controller (K = —0.2848,
7 = 1/75). The VSC also provides volt/var support using
droop mechanism (Kq=—0.0577, I; =—7.84 A). The current
control gains (k1iny =—1000, k2iny =2.26) are designed using
the optimal control. The decoupling terms are disabled for im-
proved robustness against weak grid conditions [38]. A three-
phase synchronous reference frame (SRF) phase-locked loop
(PLL), [39, Chapter 6], with the parameters (11 = p3 = 200,
w2 = 5000), is used in the simulation studies.

3) Battery System: A 600 V, 10 kW battery equipped
with the proposed controller is connected at bus-8 of the dc
microgrid via a full-bridge VSC. The rated current of the BES
converter is 25 A. The converter consists of an output filter
of Ly, = 2.5 mH and R;, = 50 mf2. Unipolar PWM is used.
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resistance R, = 0.10 gives the bandwidth of the RC circuit
around 16 Hz which is sufficient. The current control gains
are designed based on the method discussed in Section III-4.
Figure 9 shows the plot of the closed loop poles when g,
g2, and g3 are subsequently increased between 109 — 1085,
1072 — 10%°, and 10' — 102, respectively. The closed loop
poles are at —100 and —692 £ j480 with the control gains
ki1 = —1778.28, ko = 3.66, and k3 = —34.10. For the static
support, the BES supplies its rated power of 10 kW when the
dc voltage deviates 20 V (i.e. 5%). Therefore, K, = 500.

B. Simulation Results

1) Dynamic Support Tests: First, the static support is dis-
abled i.e. K, = 0, and only the inertial property of the
proposed control is studied. To have a point of reference, the
performance is compared with an actual capacitor.

Figure 10 shows the response to step jumps in PV power at
t =0.5 sand t = 1.25 s. Without a compensator, the voltages
across the entire nodes experience fluctuations and offsets. The
voltage at the battery terminals (bus-8), and at both dc and ac
sides of the grid converter are also shown. The proposed BES
has been able to function like an actual capacitor and suppress
the voltage fluctuations.

Figure 11 shows the response when a load of 4.0 kW is
connected to bus-9 at £ = 0.5 s and disconnected at ¢ = 1.5 s.
Without compensation, the load change causes sharp voltage
fluctuations. The proposed BES controller removes the voltage
fluctuations just like an actual capacitor.

2) Full Support Tests: The static support is enabled by
setting droop gain K, = 500. Figure 12 shows the system
responses to abrupt PV power changes at ¢ = 0.5 s and
t = 1.25 s. The responses of Dynamic Support alone and Full
Support (Dynamic+Static) are shown for comparison. With the
static support feature enabled, the BES continues to supply
power when the voltage settles below 400 V and absorbs power
when the voltage settles above 400 V. As a result, the voltage
is confined within much narrower bounds. Notice that since the
grid converter controls the dc voltage at the point of common
coupling (PCC) anyway, the static support does not have much
impact on this particular node.
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Fig. 10: Dynamic support test 1: Impact of BES system to suppress

voltage fluctuations caused by abrupt PV power variations.

430 [—— Without BES —— BES dynamic support|
_ : ‘ : ‘ ‘
v

< bus8
< 400 ‘
® 370 ]
Sas0t | ‘ ‘ | | ]
Saol | ‘ ‘ ‘ " DC voltage at PCC |

120 T T T T

Per phasé ac rms volthge at PCC

V—

T
BES current

0.4 05 0.75 1 1.25
time (s)
Fig. 11: Dynamic support test 2: Impact of BES system to suppress
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Figure 13 shows the system responses when the load of
4.0 kW is connected/disconnected at t = 0.5 s/t = 1.25 s.
With the static support, the BES provides steady-state support
and keeps the voltage within a narrower band.

The grid converter current during PV power fluctuations and
load variations are shown in Figs. 14 and 15, respectively. The
dynamic support of the BES acts as a buffer to the abrupt
stress on the grid converter. With the static support enabled,
the grid converter has less stress in its steady operation during
the power disturbances.

3) Current Limiting Test: Figure 16 shows the current lim-
iting feature of the proposed controller during severe voltage
transients. At ¢ = 0.5 s, the voltage of dc bus-8 falls to 10 V
and it is restored to normal at ¢ = 0.6 s. This deep voltage
drop demands a large amount of current from the BES system.
The BES, however, successfully limits its current at 40 A to
protect the converter. Similarly, at ¢ = 0.75 s, there is a voltage
rise to 550 V and the dc bus voltage drops back to normal at
t = 0.85 s. During this voltage rise, the BES absorbs large
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Fig. 14: Grid converter current during PV power fluctuations. control gains are kjgsoc = 0.1334 and kogo = —10.08 with

the closed loop poles at —0.014 + 50.013. The SOC limit

amount of current from the system to help reduce the voltage. parameters are SoCsey = 0.5, SoC, = 0.3, SoCp, = 0.7,
The converter current is successfully limited at -40 A. S0Chin = 0.2, SoChax = 0.8, and v = 2. Figure 19 shows
4) ac Fault Test: Figure 17 shows the responses of the the response of the BES system to the rise in PV power. Since
system during a single line-to-ground fault at 1/2 of the grid the bus voltage(v,) is higher than the set value of 400 V,
impedance Z,. The fault occurs at ¢ = 0.4 s and clears at the BES provides static support by absorbing power from the
t = 0.5 s. Without BES, the entire system experiences voltage system that results in the rise of SOC. The reference current
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for SOC control (I ) also rises indicating that the battery
should discharge to drive the SOC back to its nominal value.
When the SOC reaches the boundary condition of 70%, the
controller starts disabling the static support and at the upper
limit of 80%, the static support is completely disabled.

6) Comparison with Conventional Approach: In the con-
ventional approaches, shown in Fig. 21, the current and voltage
controls are designed separately and the feedback branch via
ks is absent [30], [31]. This requires a significantly slower
voltage loop to avoid interference with the current loop. During
the weak grid conditions and especially at small C, this results
in poor performance.

Figure 20 shows the circuit diagram of a study system to
compare the performances of the proposed method with the
conventional approach. The BES at 600 V is connected to a dc
bus with a nominal voltage of 400 V through a bi-directional

Conventional }—,—,7
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Converter current (Ibo)

current (A)
o

Lg=0.25 mH (Strong Grid)
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Fig. 22: Responses of proposed and conventional approaches to
voltage disturbances and power commands in strong and weak grid
conditions.
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Fig. 24: Schematic circuit diagram of the experimental setup.

converter. The converter has an output filter with inductance
Ly, = 2.5 mH and resistance R;, = 50 mf). It is desired to
emulate a virtual capacitance (C) of 10 mF with R,=0.8. The
grid impedance has resistance (R,) of 5 m{) and inductance
(Lg) of 0.25 mH for strong grid and 10 mH for weak grid.
The feedback gains in the proposed approach are ki=-3162,
ko=5.4, and k3=-12.15 with closed loop poles at —1007+5941,
—166. In the conventional approach, the current and voltage
controllers are designed separately with current loop several
times faster than the voltage loop. In this study, the current
control parameters are kp. = 4.97, 7, = 0.0011 such that the
poles are at —1004 + j73 to match with the fast poles of the
proposed system. The voltage control parameters are kp, =
0.948, 7, = 0.0133 such that the poles are at —95 £ 573 to
make them 10 times slower than the current loop. The voltage
loop poles are near the third pole of the proposed current
controller.

Voltage disturbances and power commands are applied to
observe the performance of the proposed controller against the
conventional approach in strong and weak grid situations. At
t =0.1 s, the bus voltage drops from 400 V to 360 V (10%
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Fig. 26: Responses of the system to the load disturbances in experimental setup.
drop) and rises back to 400 V at t =0.3 s. The step power
commands are applied by setting B¢ at 10 kW, 0 kW and
vg () (20V /div) -10 kW att =0.5s,t =0.75 s, and ¢t =1.1 s, respectively. For
this study, the static support and SOC control are disabled.
Figure 22 shows the converter current in response to the
voltage disturbances and power commands. It can be clearly
oo (1) (2 /diV) observed that both the proposed and conventional approaches
Tbho A/div .. . .
' have similar level of performance during the strong grid
% situation. However, the conventional one suffers from poor
ms . . . .
— damping due to interaction of the voltage loop with the current
Fig. 27: Current limiting feature of the proposed controller loop in weak grid situations.
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V. EXPERIMENTAL RESULTS
A. Experimental Setup

Figure 23 shows a photograph of the laboratory setup, and
its circuit diagram is shown in Fig. 24. It consists of an
Agilient E4360A PV emulator that operates at its maximum
power point, a dc voltage source at Vy.=38 V behind a
resistance () of 6 €2, and a Chroma programmable electronic
load 63802. The load resistance is set to 12.73 €) and the set
voltage at the PCC (V) is 35.0 V.

A BES system with the proposed controller (shown in
Fig. 1) is interfaced at the PCC. A power supply at the
voltage V, = 75.0 V with series resistance (R;) of 3.0 Q
and load (R3) of 50.0 ) acts as the battery. It uses a full-
bridge converter from Semikron and unipolar PWM at the
switching frequency of 5 kHz. The converter output filter
inductance (Ly) is 10 mH and its parasitic resistance ([R})
is 0.4 Q. The emulated capacitance (C') is 100 mF and the
virtual resistance (R, ) is 0.5 2. The current control gains are
designed based on method discussed in Section III-4: with
@1 = 107, go = 10*°, and g3 = 102, the control gains are
k1 = —5623.0, ko = 11.8, and k3 = —24.0, and the closed
loop poles are located at —600+5449 and —20. The droop gain
(Ky) is set at 18.75 meaning that the BES supplies/absorbs
18.75 W per a unit of voltage offset. The maximum ([ax)
and the minimum (/,,;,,) current limits are set at 5 A and -5 A.
The controller is implemented in RT-Box from Plexim [40].

B. Experimental Results

1) Case I: PV Disturbances: Figures 25(a)-(c) show the
responses when the PV current (ipy,) is decreased from 2.2 A
to 0.475 A. Without the BES support, this drop in PV power
causes a sudden sag in the PCC voltage (vg) from 35.0 V
to 28.0 V and a sudden rise in the grid current (i5) from
0.35 A to 1.525 A. With the BES dynamic support, the BES
provides inertia by quick supply of current (ip,) with peak
of 1.85 A that prevents sudden drop in the voltage similar
to an actual capacitor of 100 mF. When the static support is
enabled, the BES continues to supply current (¢,) of 1.20 A
that holds the voltage at 33.5 V. Similarly, Figures 25(d)-(f)
show the responses when the PV current (ipyo) is increased
from 0.475 A to 2.2 A. Same conclusions are drawn.

2) Case II: Load Disturbances: Figures 26(a)-(c) show the
response when the load resistance is decreased from 12.73 )
to 6.0 Q. This results in a sudden drop in the voltage at PCC
(vg) from 35.0 V to 26.0 V and a rise in the grid current (iz)
to 1.8 A from 0.35 A. With the dynamic support, the BES
provides inertia by injecting current with the peak of 2.4 A,
and it is slowly reduced to zero. With the static support, the
BES continuous to supply current (i1,,) of 1.85 A that holds
the voltage at 33.0 V. Similarly, Figures 26(d)-(f) show the
response when the load resistance is increased from 6.0 €2 to
12.73 Q.

3) Case III: Current Limiting: Figure 27 shows the re-
sponse of the BES when the voltage at the PCC suddenly
drops from 34 V to 0.0 V due to short-circuit incident. The
current is successfully limited at the pre-specified value of
5.0 A. The fault is cleared at 150 ms and the BES returns to its

10

normal operation. When the fault is cleared, there are voltage
overshoots where the BES responds with the oscillating current
to suppress these voltage overshoots.

The experimental results confirm the operation of the pro-
posed system at low voltage/power. Since the system is linear,
the scalability at high voltage/power applications is valid.

VI. CONCLUSION

The battery energy storage (BES) systems are being increas-
ingly adopted and their full integration is crucial. This paper
presents a local controller for a BES system with the following
capabilities. 1) The BES is autonomous and not dependent on
a co-located renewable source. 2) It provides dynamic and
static grid supports. 3) It provides converter current limiting.
4) It maintains the state-of-charge (SOC) of the battery. 5)
It adjusts the level of static support according to the SOC
level. 6) Its control system is robust/optimal and exhibits
improved responses compared with conventional approaches.
Investigating conditions other than those of this paper, and the
field testing of the controller are future works.
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