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Abstract—Electric spring (ES), which has been widely discussed
in recent years, is a new demand response method. By adjusting
the power of noncritical load (NCL), ES can adaptively improve
power quality of the grid containing a high proportion of renewable
energy sources. Most of the existing ESs is connected in series
with NCLs, but this structure limits the compensation power range
of ES. In this article, a new ES topology based on LCL filter is
proposed, where NCL is paralleled with the capacitor branch as
the shunt damper. Compared with other types of ES, the proposed
LCL-ES has the advantages which can extend the adjustable power
range, improve the voltage regulation performance, and suppress
the inherent resonance spikes effectively. Finally, the feasibility of
LCL-ES has been verified by simulation and experimental results.

Index Terms—Demand response, electric spring (ES), LCL filter,
microgrid, renewable energy source (RES).

I. INTRODUCTION

ITH energy shortages, environmental pollution and cli-

mate changes becoming more and more serious, renew-
able energy source (RES) has received widespread attention.
The power generation capacity of RES, such as wind and
photovoltaics is increasing year by year. However, the inherent
intermittence of RES makes it difficult to predict the power
generation accurately. At the same time, the centralized control
strategy has been widely used in the power system, where the
power generation mainly depends on the prediction of power
consumption. When a high proportion of RES is connected
into the power grid, the mismatch between consumption and
generation may occur, which will affect power quality, resulting
in excessive voltage rises and supply-demand power imbalance
[1]. Typical methods to solve the problem of power mismatch
include tap-changing approach, reactive power compensation,
and adoption of battery energy storage system (BESS) [2].
However, these existing approaches have some disadvantages
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Fig. 1. General connection way among ES, NCL, and CL.

such as real-time power imbalance, environmental concern, high
cost of batteries.

In recent years, a demand response based on electric spring
(ES) has been proposed and used to enhance the voltage and
frequency stability, power balance, and harmonic suppression
in a distribution network [3]. Its core idea is to shift the voltage
or power fluctuations from upstream of the point of common
coupling (PCC) to noncritical load (NCL), in order to achieve
the stabilization of voltage on PCC or critical load (CL).

The concept of ES was first proposed in 2012, where ES and
NCL are connected in series to form a smart load (SL), then
SL is connected in parallel with CL. Most of ESs appeared
later use the similar connection way, as shown in Fig. 1 [4].
From the perspective of topology, ES can be divided into three
main generations and other variants. ES-1 can only perform
reactive power compensation due to no battery storage on the
dc side [3]. ES-2 with battery storage can compensate both
active and reactive power in eight different combination modes
[S]-[7]. ES-3 is a special case because its topology is similar
to the BESS [8]. Thus, most of ES variants are improved on
the basis of ES-2, such as B2B-ES in which the dc-link voltage
comes from an ac—dc converter [9], PV-ES in which the battery
storage is replaced by the photovoltaic system [2], hybrid-ES
combining the renewable generations with battery storages [10].
Different types of single ES all show the fast demand-side
management performance under appropriate control strategies
[11]-[14]. Compared with other demand response methods, ES
has another advantage which can be distributed in the power grid
to provide strong stability support [4]. Models of distributed
ESs have been developed to demonstrate the effectiveness of
installing a large number of ESs in the power grid [15]-[18].
Droop control without communication and consensus control
with communication are widely used to realize the group op-
eration of ESs [19]-[21], and a centralized predictive control
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Fig. 2. Power flow in a microgrid.

was proposed for distributed ESs to further reduce distribution
power loss [22].

Although multiple ESs can provide the necessary voltage con-
trol for the CLs at different nodes in the distribution network, the
contribution of a single ES is still limited by the capacity of the
NCL connected to it. In order to solve the limitations brought by
NCL, the connection between ES and NCL should be changed.
LCL filters have been widely used in grid-connected inverters
due to their excellent harmonic suppression, size and cost [23].
Among the various suppression methods for resonance spikes,
resistor in parallel with filter capacitor can achieve the best
balance of spike suppression and high-frequency suppression,
but it will bring significant power loss in practice [24]. In this
article, a passively damped LCL-ES is proposed by deploying
NCL in parallel with the capacitor branch of LCL filter.

The rest of this article is organized as follows. Section II
proves that the performance of SL is related to NCL. Then
in Section III, topology of the proposed LCL-ES is presented
together with its operating principle. A critical design process of
LCL-ES is described in Section IV. Simulation and experimental
results of LCL-ES are given in Sections V and VI, respectively.
Finally, Section VII concludes this article.

II. POWER ANALYSIS OF SERIES-ES

From the perspective of power flow, the reason for the voltage
fluctuations at the PCC is that the power does not match in real
time. The large-scale renewable energy injected into the grid will
exacerbate this imbalance [25]. Due to the large resistance and
inductance ratio of low-voltage distribution lines, the fluctuation
of the active power flow dominates the voltage fluctuation in
the distribution network. In order to achieve the best voltage
regulation effect, it is hoped that the NCL can undertake the
task of active power compensation, that is, the active power
fluctuation should be transferred to the NCL as much as possible.
Fig. 2 shows the schematic diagram of the inflow and outflow
power at the PCC in a microgrid. When the renewable energy
generation is too large, it will cause the PCC voltage to rise, and
the ES will force the NCL power to increase in order to balance
power and voltage, and vice versa. With the engagement of ES,
the power mismatch is transferred to NCL.
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In this article, the ES connected in series with NCL is called
series-ES. The power relationship of series-ES is discussed
below. In order to facilitate the analysis, it is assumed that Z,,;
= Ryc1. When the PCC voltage Vi, is stable, the relationship
among NCL power P,,1, SL active power Py and reactive power

Qg is

Rncl(Pszl + le)
V2

pcc

Poa = : M

Assuming the power reference as S,, = Vn2 /Rnc, Where V,, is
the nominal RMS of v, the per-unit form of (1) can be derived
as

v = Pi + QI )

where P, = Py /Sn, P = Py /Sn, and Q) = Qg /S, .
Considering the power limit of NCL is 2 p.u., the power
surface of the series-ES can be drawn according to (2), as shown
inFig. 3(a). The power range of SL can be visualized considering
the interception points between the plane P*,; = 2 p.u. and
the paraboloid function in (2) as indicated in Fig. 3(b). Then
the compensation range AP*y of SL can be measured by the
difference between P* and 1, that is AP*y = P* — 1.
According to Fig. 3, if series-ES operates in pure reactive
power mode, then P,.; = Pg and no dc source is needed. The
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Fig.4. Topology and phasor diagram of LCL-ES. (a) LCL-ES topology (Single
phase). (b) Phasor diagram.

power range of SL is illustrated by the white dotted line in
Fig. 3(b), it can be seen that the compensation range is —1 <
AP*; < 0p.u., which means that only the negative active power (b)
compensation can be achieved.

III. TOPOLOGY AND OPERATING PRINCIPLE OF LCL-ES 4

A. Topology of LCL-ES oF

The proposed LCL-ES is shown in Fig. 4(a), the output of
VSlis connected to an LCL filter, Lg is filter inductor and Ly is
the grid-connected inductor, while NCL is paralleled with filter
capacitor Cy. Thus, the voltage across Cyis equal to the voltage o o !
on NCL v,,;. In the steady state, the PCC voltage phasor V. ©
and NCL voltage phasor V;,.; have the following relationship:

NCL power limit P*,,c,=2
PPy

Fig. 5. LCL-ES power surfaces of different a. (a) a = 0.3. (b) a = 0.6.
(¢)a=0.9.
Vi = Vpcc - ]woLgfISIZVpcc - ]ZgIsl 3)

where w,, is the fundamental angle frequency.
According to the phasor diagram in Fig. 4(b), the amplitude s

of V. can be derived as sl ,,L,,,,i,,, Pl }tﬂz,(li‘t&j,Q,EZlT)j%zQ;L
| |
N D
Vaer=\/ (Zg L) + V2o — WheeZglasing.  (4) TN
SNy
Similarly, when Vi, is stable, V¢ = V), the following per- \ ,,,,L,, }”W_ B

unit relationship can be derived

7352'5—__()_11»____‘__ [N "R .

2 2 2 a0 P; L tim =2

Pla=1+a"(Py" + QF) — 2aQ (O o S

LZ

where a = Zy/R,1. B SRR e VA e iy A
The power surfaces of different a are drawn in Fig. 5. As a . Sv=t L i

increases, the power range and its projection on the horizontal o "WL” “’ie‘_”_”:_’e_ region |7 | N4~ S ]

plane will decrease. Substituting P* . = P*4 into (5), the power Sm=3 | ; | "‘;\ y

relationship between P*,; and Q%4 in pure reactive mode is °s 4 3 2 - 0 1 2 3 4 5

shown in Fig. 6. The limit of apparent power S*sr, jim = 3 Series-ES Qg

is set by considering the total capacity limitation or output
overcurrent protection of the SL. It can be found that P*
for LCL-ES can be greater than 1 while series-ES cannot, thus

Fig. 6. LCL-ES compensation range under reactive power mode.
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Fig. 7. Comparison between LCL-ES and STATCOM. (a) Simplified circuit
of distributed system. (b) Phasor diagram comparison.

the LCL-ES has greater power range than series-ES. In order
to obtain a sufficiently large compensation range within the
limited range (the green area in Fig. 6), the value of a should
be selected reasonably. When a = 0.3, P* ranges from 0 to 2
(corresponding to —1 to 1 for AP*).

B. Voltage Regulation Principle

Most of the existing ESs is based on voltage control strategies,
but LCL-ES here adopts current control strategy, whose compen-
sation principle is similar to that of DSTATCOM or SAPF with
voltage regulation function [26].

As shown in Fig. 7(a), a distributed generator (DG) is installed
at the end of distribution line, which may cause PCC voltage
swell from Vi cc nom t0 Vpee_swell. Both STATCOM and LCL-ES
are equipped to keep the PCC voltage stable. In order to highlight
the difference between STATCOM and LCL-ES, Fig. 7(b) shows
the effect when they work alone. It is found that STATCOM only
injects reactive power to stabilize the PCC voltage, which will
enlarge power angle difference and may deteriorate the stability
of power system [27]. However, LCL-ES can stabilize the PCC
voltage and reduce the power angle difference by injecting active
power and reactive power.

C. Model of LCL-ES

Fig. 8(a) shows the equivalent model of single-phase LCL-ES,
in which G,(s) is the inner controller, H; is the sampling coef-
ficient. For simplicity, all ESRs of the passive components are
neglected, which represents the worst case in terms of damping.
The simplified model as shown in Fig. 8(b) can be obtained via
transformation, where the transfer function G.1(s) and G.o(s)
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are defined by
Gml(s) =
G;I;2(S) =
Then, the loop gain T 4(s) can be expressed by

H; KpwwMm
LipLgsCy

Kpwm Ruc1-Gi(s)
SngfoRnClJl_ngf"arcl (6)
$2Rnc1LgsCs+8Lgs+Ruct
52 LgyLysBnciCpts?LosLypt+s(Lgp+Ls)Ruc”

T4(s) = Gu1(8)Gpa(s)H; =

' Gi(s)
5(8? + 2Cwys + w?)
where w, = 27f, is the resonant frequency, ¢ is the damping
coefficient, and their corresponding representation are

_ _ [ LirtLgy
{wT =2nfr = LysLgsCy (8)
J— a

_ 1
C_ 2w Cy Ryel -

@)

QWTCf woLgf :
Based on Fig. 8(b), the expression of ig(s) is

. A 1 Ta(s) ., Gaa(s)
is1(s) = Emm@) - ﬁv"‘:c(s)
= is11(s) + is12(s)- ®

Itcan be seen that ig (s) is composed of the instruction tracking
component ig; (s) and the disturbance component igj5(s) caused
by PCC voltage. In order to eliminate the disturbance component
is12(s), PCC voltage feedforward is used. As shown in Fig. 8(b),
branch G,»(s) can be added between vy,..(s) and ig(s). Then,
G2(s) is removed and 1/G,; (s) is inserted between vy, (s) and
is1 ref(s). In practice, the feedforward function G,1(s) can be
equivalently transformed into three parts as shown in Fig. 8(c),
which will be discussed later.

D. Damping Effect of NCL

According to (7) and (8), the frequency response of untuned
T 4(s) with G;(s) = 1 is shown in Fig. 9. The resonant peak can
be damped better with smaller R, but the phase response will
be quite sensitive, which may significantly impact the stability.
Obviously, it is required that the control bandwidth cannot
exceed or even be close to the resonance frequency, due to the
insufficient phase margin for closed-loop control. When R, is
chosen to be 52 and the crossover frequency is set to be f, =
0.3f,, considering the nonnegligible delays caused by sampling
and modulation, the phase margin of LCL-ES system will be
65°, which is acceptable as compared to 90° of L filter [28].

In order to ensure the tracking performance, f,. should be much
higher than the fundamental frequency f, or the highest har-
monic of compensation f;,. The switching frequency f, should
be greater than 2f,. for the attenuation of switching harmonics.
Generally speaking, the bandwidth of the system shall meet the
following relationship:

fo << fe <03f, <2f < fs.

Actually, the LCL-ES mentioned here is an application of the
passive damping method, where the resistive NCL paralleled
with filter capacitor is treated as a shunt damper. Meanwhile,
the shunt damper will not interfere with the high-frequency

(10)
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Fig. 9. Bode diagram of T 4(s).

characteristics of the LCL filter, which is critical for superior
switching harmonic suppression and much reduced volume of
passive elements [29]. On the contrary, the other passive damp-
ing methods cannot achieve fast attenuation at high frequency.

IV. CONTROL AND DESIGN OF LCL-ES
A. Inner and Outer Control Loop

According to magnitude characteristic in Fig. 9, when fre-
quency is lower than the cut-off frequency f,, T 4(s) of LCL-ES
is similar to that of L filter, which means that LCL-ES can be
treated as a grid-connected inverter with Lgg+Lg filter [28]. The
approximated |T 4 (s) | is obtained as follows:

H,; KpwmGi(s)

|Ta(s)| =
s(Lgs + L)

an

Model and PCC voltage feedforward of LCL-ES. (a) Model of LCL-ES. (b) Simplified model with PCC feedforward. (c) PCC feedforward function

When PI controller G;(s) = K,+K;/s is used in the inner
current loop, the proportional coefficients K, can be easily
calculated as follows [30]:

jo o~ 2Tfe(Lgs + Lyy)
b H;Kpwm

12)

As for the integral coefficient K;, the larger it is, the smaller
the steady-state error is. So far, the related models and designs
of LCL-ES are similar to those of grid-connected inverters.
However, in the ES based demand response, it is necessary to
control the NCL to participate in stabilizing of PCC voltage
instead of adjusting the grid-connected power. Therefore, in
order to adjust the PCC voltage within the stable range of the
system, the other parameters including K; need to be specially
designed, which will be given later.

As shown in Fig. 10, the outer voltage control includes a PCC
voltage loop and a dc voltage loop, which respectively determine
the g-axis and d-axis current reference. The PCC voltage loop
is designed to maintain the rms of v, within the acceptable
range, while the dc voltage loop is to keep V. constant, which
iscritical for LCL-ES operating in pure reactive power mode. Itis
worth noting that the PCC voltage loop can adjust reactive power
and active power at the same time, according to Fig. 6. These
two voltage loops are strongly coupled, which is different from
the decoupling of active and reactive power in grid-connected
inverters. Finally, the bandwidths of outer loops should be much
slower than the inner current loop to avoid interference.



QIU et al.: IMPROVED ELECTRIC SPRING TOPOLOGY BASED ON LCL FILTER

5989

: 7: Rg Lg
Main
grid

DG &

Conventional load

fale o

Fig. 10.  General diagram of control loops.

B. PCC Voltage Feedforward

PCC voltage feedforward is an effective and simple method to
eliminate the disturbance [31]. The feedforward signal is super-
imposed into the modulation wave directly, and the feedforward
function Gg(s) is defined by

Gz(s) 1 ( Ly 2)
= 1+—"s+ L, +Crs”|.
Gzi(s) Kpwwm Rua oI 0%

It is found that Gg(s) is composed of a proportional term, a
first differential term and a second differential term. Obviously,
the commonly used proportional feedforward method cannot
completely eliminate the disturbance.

Gry(s) =

C. Parameter Design

Based on the topology of LCL-ES, the terminal voltage of
NCL can be regulated by adjusting the grid-connected current.
Therefore, the filter design of LCL-ES is different from those
commonly used for LCL filter. First of all, the power compensa-
tion range of LCL-ES must be guaranteed, and then the system
control performance should meet the requirements. According to
the aforementioned analysis, the active power range of LCL-ES
as a demand response is closely related to the NCL or the actual
load used as NCL and parameter a. Once NCL is determined,
Ryl can be determined. Adjusting a can significantly change
the power characteristics, as shown in Fig. 6, thereby affect
compensation range or power range of LCL-ES.

When R, and a are known, L,y can be determined, and then
the remaining parameters can be determined. First, according to
the highest compensation harmonics, switching frequency and
fundamental frequency, (12) is used to determine f,-and f... Then,
considering the control performance constraints from steady-
state error and stability margin, the remaining parameters can
be determined.

After adopting the PCC voltage feedforward strategy, the
steady-state error E,. of the current inner loop is

Isliref - HzIsl ~ 1 1

E, = ~ ‘ R
T4 ot 1+ Ta(s2nfo)l  |Ta (927rf(()%|41)

where /g ,of and I are the effective values of iy yof and ig, re-
spectively. Under the requirement of E,, replacing G;(s) with PI
controller can get the loop gain amplitude 7Y, at the fundamental
frequency f, as

H; Kpwwm j27 fo Kp+ K
(2nf,)?  Lgs+Lyy
(15)

To = 201g|Ta(j27f,)| = 201g

After substituting K, given by (12), the constraint K;_ry, can
be obtained as follows:

Ar® fo(Lgs + Lyy)
Kirfo = I \/10Tre/1082 2 (16
Tf HiKPWM fO fc ( )

In order to avoid the error caused by the approximation,
substituting K; 7y, given by (16) into (7), the phase margin PM
of the system can be calculated as

2Ryt Cr(f2 — f2 K;
PM = arctan -2l s (Fr = £) — arctan —. (17)
fc 27chKp
Furthermore, the constraint K; py; can be obtained as
27C s Rl (f2 — £2) — f.tan PM
Ki_PM _ QWfCKp Useyi l(fr fc) f al (18)

QFCfRncl(fg — fg) tan PM + fc.

Under the constraints of Ty, and PM, substitute K; 77, =
K; pym into (18), and then substitute (12) into (18) to get the
constraints of parameter R,,.;Cy

RuyaCy 1o M

fe(f2 tan PM+f, 1/ 10750/ 20 p2_ £2)

2m(£2-£2)(f2— fo tan PMy 10750/ 10 g2 g2y

(19)

Since the phase-frequency characteristic of T4 crosses —180°
at f, its amplitude margin GM is

GM = —201g |Ta (527 f:)| - (20)

The PI controller G;(s) can be regarded as K,, at high fre-
quency, substituting (7) and (12) into (20) can solve the GM
constraint on R,,1Cy as

107GM/20

57 1)

RyaCr am =
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Based on the above analysis, the specific design steps are as
follows.

Step 1: Determine the requirements of Ty,, PM and GM
and f,. For example, if E, is required to be 0.1%,
then 74,>60 dB; PM is generally selected between
30° and 60° to obtain good dynamic response; GM
is generally greater than 3 dB to ensure sufficient
robustness, the selection of f,. should refer to (10).
According to the requirements in step 1, the ex-
pressions of Ry,c1Cr 1o pm and R, Cr aa can be
obtained by (19) and (21), respectively, so as to
determine the feasible region of R, Cy. Fig. 11 shows
the feasible region of R,,1Cy. The area below the red
line meets the GM requirements, and the area above
the blue line meets the requirements of 7y, and PM.
The area enclosed by the two constraint lines is the
feasible area of R,,Cy. If the region is too small or
does not exist, it is necessary to consider whether the
requirements in step 1 are reasonable.

Choose a suitable f. within the feasible region. In or-
der to improve the response speed and low-frequency
gain, f, can be high, but it should be lower than
one-tenth of the switching frequency to ensure the
switching harmonic suppression.

Ry can be determined first according to the specific
type of NCL, and then the appropriate Cy can be
selected according to the margin requirement. In-
creasing Ry Cy will increase PM but not affecting
Ty,. Therefore, if GM is sufficient, a larger R,,1Cy
should be met to improve dynamic response. L
can then be determined according to (8). K, can be
obtained according to (12).

According to (16) and (18), the upper and lower limits
of K; are K; 7, and K;_pn, respectively. The larger
the K; the smaller the steady-state error, but the
worse the stability. After choosing the appropriate
K;, G;(s) can be tuned.

Check whether the tuned loop frequency charac-
teristic of T4(s) meets the design requirements in
step 1.

The loop response before and after tuning can be obtained
as shown in Fig. 12. It can be seen that the topology and
control parameters obtained by the above design steps not only
can suppress the resonance spike but also obtain the expected
frequency characteristics.

Step 2:

Step 3:

Step 4:

Step 5:

Step 6:
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Fig. 12.  Bode of loop gain before and after turning.
TABLE I
SYSTEM PARAMETERS USED FOR SIMULATION
Elements Parameters Values
Nominal power 30 kVA
Switching frequency f; 20 kHz
DC-link voltage V. 800 V
DC-link capacitor Cy. 1000 uF
LCL-ES P
Grid side inductor Ly, 5 mH
Converter side inductor Ly 0.1 mH
Filter capacitor Cr 10 uF
a=271_'ng//RNcL 03 14
Nominal phase voltage V, 220V
Micro grid Fundamental frequency f, 50 Hz
Line impedance R,+jX, 3.5+2.5Q
Critical load R, 14.44 Q
Load —
Non-critical Load R,/ 5Q

V. SIMULATION AND DISCUSSION

Simulation verifications have been carried out base on Fig. 10,
where the microgrid contains RESs and conventional loads with
industry and domestic power profile. Parameters for simulation
are given in Table I. For the simplicity and essentiality, only the
pure reactive power mode of the LCL-ES is implemented here.

A. Case l

The first case is to verify the PCC voltage regulation of LCL-
ES, where LCL-ES is grid-synchronized when switch S is turned
ON at 0.62 s, an overvoltage or undervoltage occurs at 1.5 s. As
shown in Fig. 13(a), Vpcc_rms Tises up to 1.5 p.u., then LCL-ES
increases the power of SL to counteract the overvoltage. After
6 or 7 fundamental cycles, Vcc rms g0€s back around 220 V,
which effectively verifies the ability to suppress the overvoltage.
As shown in Fig. 13(b), Vj,cc_rms drops to less than 0.5 p.u. The
power of SL begins to decrease to resist voltage drop. After
about ten cycles, the PCC voltage returned to the normal range,
which effectively verified the ability to suppress voltage sag.

B. Case 2

In order to compare the voltage regulation performance be-
tween series-ES and LCL-ES under the pure reactive power
mode, a similar simulation by using series-ES was carried out.
As shown in Fig. 14(a), Vcc_rms dropped to 0.6 p.u. at 1s, and
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stabilized at 220 V after about 0.3s under the action of series-ES,
and V. also decreased. At the same time, V4. was stable around
800 V, which indicates that series-ES was working in pure
reactive power mode. However, according to Fig. 14(b), even
if PCC is slightly overvoltage to 1.1 p.u., the system eventually
destabilized under the action of series-ES. Thus, series-ES has

=
|
Digital

Controller-C2000
Code Generation

Fig. 16.  Schematic for the established HIL platform and experimental setup.

a good compensation effect on the voltage sag of the grid, but it
does not work under voltage swell as described in Section II.

C. Case 3

The third case is to simulate the 24-h power generation fluctu-
ation of renewable energy in the microgrid and verify the voltage
stabilization of LCL-ES. The 24-h traditional load, irradiance
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Fig. 17. Experimental results with resistive CL (phase a). (a) LCL-ES is not
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and wind speed data are compressed to 2.4 s, the purpose is
to emulate the fluctuation of DG and the typical traditional
load within a day. The characteristics of the microgrid without
LCL-ES were simulated firstly. As shown in Fig. 15(a) and (b),
PV generation started from zero at 0.7s (7:00 A.M.) and reached
apeak at about 1.2 s (12:00 A.M.), while wind power generation
rose sharply at 1.3 s (1:00 PM.), causing the total power of
DG reach its peak value at this time. Although the load was
rising, the net load of the microgrid (the difference between the
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Fig. 18. Experimental results with inductive CL (phase a). (a) LCL-ES is
activated and Vi = 700 V. (b) LCL-ES is activated and V; = 560 V.

traditional load and DG) was decreasing, and Vj,cc_rms gradually
rose and reached its peak at 1.3 s. After 1.4 s (2:00 P.M.), the
DG power gradually dropped to a lower level and continued to
fluctuate. Since the net load expanded first and then decreased,
Vpee rms fell below the limit and then rebounded. In Fig. 15(c)
and (d), LCL-ES was activated and operated in pure reactive
power mode. It is found that the fluctuation of the PCC voltage
was significantly reduced.

VI. EXPERIMENTAL RESULTS

To validate the voltage regulation function of the proposed
LCL-ES practically, an experimental study has been conducted
in RT-box, a hardware-in-the-loop (HIL) platform. The HIL
tested integrates the microgrid model and control strategies
discussed in previous sections for real-time microgrid testing.
The main circuit of the microgrid and LCL-ES is established
based on the parameters given in Table I. The control strategy and
modulation methods are executed on digital signal processor.
For the concision of the article, only the pure reactive power
mode is presented. Fig. 16 shows the representation of the test
setup, where the fluctuation of the grid voltage is emulated using
adjustable three-phase voltage source.

In the first experiment, CL is 14.4 €2 and NCL is 5 2, which is
reasonable for an electric—thermal load. When the grid voltage
V, rises to 664 V, it can be seen from Fig. 17(a) and (b) that the
RMS of PCC voltage Vpcc swells to 246 V before LCL-ES is
activated and goes back to 216 V after LCL-ES is activated. At
the same time, the NCL voltage is also boosted from 265 to 274 V
and an additional power of about 2910 W has been absorbed. In
Fig. 17(c) and (d), when V/, falls to 540 V, Vpcc drops to 204 V
when LCL-ES does not work. With the participation of LCL-ES,
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Fig. 19. Transition experimental results when ES is activated (phase a). (a)
Grid swell. (b) Grid sag.

Vpee rises back to 220 V and the NCL voltage is suppressed
from 218 to 195 V.

In the second experiment, CL is replaced by an inductive load
and its impedance is 50 Q2+1 mH. According to Fig. 18, it can
be found that Vpoe remains stable regardless of whether the
grid voltage rises or falls. At the same time, the NCL voltage
has been effectively adjusted from 267 to 201 V.

Transition responses of LCL-ES are presented in Fig. 19. In
order to observe the transient process, V, in Fig. 19(a) swells
to 1.15 times the normal value, while V, in Fig. 19(b) sags to
0.87 times the normal value. It can be seen that although the
grid voltage fluctuates rapidly, LCL-ES can stabilize the PCC
voltage after about ten fundamental cycles. By observing the
NCL voltage, it can be found that the power of NCL is indeed
effectively adjusted to regulate the PCC voltage, and the demand
response is very fast. When the grid swells, Py increases, and
vice versa. The power characteristics of the LCL-ES is consistent
with Fig. 6.

VII. CONCLUSION

A new construction method of ES has been proposed together
with its preliminary design and control strategy, where the
resistive NCL 1is used as the shunt damper for the LCL filter.
The proposed LCL-ES has a more flexible and wider power
range than the existing series-ES, and it can effectively realize
the compensation of active and reactive power without energy
storage unit to suppress grid sag and swell. Both the simulation
and experimental results have verified the feasibility of LCL-ES.
In general, LCL-ES can more fully utilize the potential of NCL
as a demand response, which is critical for future power grid
with a high proportion of distributed renewable sources.
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