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Abstract—In this paper, the smart load formed by the back-to-
back electric springs (ES-B2B) is evaluated for improving the
fault-ride through (FRT) capability of the wind turbine generation
system (WTGS) with fixed speed induction generator (FSIG) for
the first time. The characteristic of the ES-B2B in providing fast
reactive power compensation is found to be highly useful in
recovering the rotor speed of FSIGs when a fault event occurs.
This is a new function in addition to the original function of
stabilizing mains voltage against renewable generations. A simple
and yet effective controller is then developed for the ES-B2B in
order to ensure fast response. The ES-B2B based smart load and
the proposed control have been tested in Matlab/Simulink and
Real-Time Digital Simulator (RTDS) for the evaluation of i) the
reactive power compensation capability of ES-B2B, ii) the
effectiveness of the proposed control of ES-B2B for FRT support
and iii) a comparison of distributed ES-B2Bs with centralized
STATCOM in providing distributed FRT support in different grid
topologies.

Index Terms—electric spring, fault-ride-through, induction
generator

I. INTRODUCTION

Wind turbine generation systems (WTGS) went through
rapid growth in the past decade and now occupy a large share
of the renewable energy market [1]. Before the wide-spread use
of power electronic technologies, the WTSGs with fixed speed
induction generator (FSIG) has been the primary concept. At
present, modern WTGSs consisting of variable speed induction
generator (VSIG) and partial- or full-scaled power electronics
converters are taking the major part of new wind power
installation [2]. Nevertheless, WTGS with FSIG is still an
important part of existing wind power infrastructure and will
remain functional for the next 20 years [3]. With no dedicated
compensation devices, WTGS with FSIG is unable to meet the
grid codes requiring WTGS to stay connected during severe
voltage dips (as low as 5% of nominal value), known as fault
ride through (FRT) capability [4].

Many studies have looked into the specific technical
developments of enhancing the FRT capability of WTGS with
FSIG. Popular approaches include but not limit to the pitch
angle control which is cheap but slow in response [5], dynamic
braking resistor (DBR) which is fast and cost-effective but
causes additional power loss [6], and fault current limiter (FCL)
which is reliable and cost-effective but is more common in
transmission level rather than distribution level [7]. Centralized
electrical devices in the family of flexible ac transmission
systems (FACTSs) are favorable alternatives due to their high
response speed and broad control diversity. Methods, such as

energy storage system [8], unified power quality controller
(UPQC) [9], series static var compensator (SSVC) [10], and
static synchronous compensator (STATCOM) [11] have been
well documented to improve the FRT capability of power grids
and beyond. Out of these approaches, centralized STATCOM
has been proved to be a better choice in supporting the WTGS
during both symmetric and asymmetric system faults [11]-[14].
However, large-size STATCOMSs connected at the transmission
or sub-transmission levels cannot guarantee even compensation
outcome along one transmission network [15]. The other risk of
a single-point STATCOM is the loss of compensation upon a
control failure or circuit breakdown.

It is important to recognize that as the modern power
infrastructure changes rapidly from a cascading system with
centralized power plants to a flexible network with distributed
generators, addressing stability issues in a distributed manner is
an irreversible trend [16]. The pioneering study in [17]
evaluates the advantages of using many distributed static var
systems (SVS), either SSVCs (cheaper) or STATCOMs in
small size. It is proved that distributed SVSs are more effective
than its centralized counterpart considering the less total
reactive power requirement and the reduced standby to meet
reliability criterion. An interesting demand-side management
(DSM) idea is proposed in [18]. The front-end converter of a
constant power load (CPL) is utilized for FRT enhancement
with reduced total compensation current requirement.
Nevertheless, both solutions are unable to provide sustained
active power support and are thus limited in their control
potentials.

As a novel smart load technology, electric spring (ES) has
recently been proposed as a highly distributed solution to
improve the stability of a weak grid with substantial renewable
generation [19]. As compared with distributed SVS and CPLs,
ES is unique in the way that it can adjust the power usage of
noncritical loads to follow the availability of renewable
generation in real time. Hence, more diverse control options and
wider operating range are achievable using ES technology.
Since its first report, the ES-enabled smart load technology has
been demonstrated to possess a series of favorable features,
including power balancing [20], power quality improvement
[21], and primary frequency control [22].

Electric spring with a back-to-back converter (ES-B2B) is
introduced in [23] and is practically demonstrated in [24]. As
compared with other versions of the ES (i.e. ES-1 with
capacitor storage [19] and ES-2 with battery storage [25]), the
ES-B2B has an extended range of active/reactive power
compensation and is independent of battery storages. In its
original implementation, the ES-B2B is developed to regulate
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Fig. 1. The structure of ES-B2B. (a) The simplified schematic of ES-B2B. (b)
Vector diagram of the operation state.

mains voltage against intermittent power generation. An ES-
B2B consists of a series-ES circuit and a shunt-ES circuit. The
series-ES takes the full responsibility for the voltage or
frequency regulation, while the shunt-ES is in charge of
maintaining a stable DC voltage in the DC link of the inverter.
In this paper, the new function of the ES-B2B for distributed
FRT support in a microgrid with dispersed small-size WTGSs
is explored for the first time. A simple and yet effective
controller is proposed to maximize the reactive power output of
the ES-B2B by making use of both series-ES and shunt-ES
during severe voltage sags. One Matlab simulation and two
Real-Time Digital Simulator (RTDS)-based simulation studies
conducted in a simple grid and then in a microgrid with
different topologies are included to demonstrate that the ES-
B2B is able to provide robust distributed support for a
microgrid during fault events.

Il. THE BACK-TO-BACK ELECTRIC SPRING

A. Power Analysis of the Back-to-Back Electric Spring

In order to study the reactive power characteristics of the ES-
B2B, the simplified model shown in Fig. 1(a) is considered to
examine the fundamental power features of the ES-B2B.
Considering the relatively small power loss of the converter, the
operating conditions of the ES-B2B can be summarized as: i)
the active power flow between shunt-ES and series-ES is
instantaneously balanced by keeping a stable dc link voltage
and ii) the reactive power capacity of both series-ES and shunt-
ES are independent of each other and can thus be controlled
individually. In a rotating polar frame where the mains voltage
at the point of common coupling (PCC) is used as the reference
vector with 0° phase angle, (1) and (2) are used to describe the
active and reactive power characteristics of an ES-B2B
associated with an impedance-type noncritical load.

I:)'shunt-ES = IVS | | I shunt—ES | -C0s &

Pseries—ES = |Vseries—Es || I nc| -COSx ()
I:)shunt-ES = Pseries-ES

Qshunt-ES = [Vs” I shunt-ES | -sin@
Qseries—ES = |Vseries—ES || I nc| Siha

where |V, [Vseries-Es|, |Ishunt-Es], |Inc| are the RMS value of mains
voltage, the series-ES voltage, the shunt-ES current, and the
noncritical load current, 9 is the phase difference between mains
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voltage and shunt-ES current, and o is the phase difference
between series-ES voltage and noncritical load current.

The ES-B2B needs to operate under certain voltage and
current limits of the converter:

[Vseries—ES | < Vseries—ES—Iim

| Ishunt—ES | < Ishunt—ES—Iim
where the Vseries-s-lim and lshunt-es-1im are the voltage and current
limits of the converter.

In the phasor diagram shown in Fig. 1(b), the series-ES
provides a compensation voltage (Vserieses) for an under-
voltage condition. Whilst maintaining a stable dc link voltage,
the shunt-ES utilizes its spare capacity to provide reactive
current to further support the mains voltage. When a severe
voltage dip occurs, it is desirable that both series-ES and shunt-
ES provide reactive power at maximum value. The following
mathematics is provided to determine the theoretical maximum
reactive power point of the ES-B2B.

In the triangle formed by Vserieses, Vs, and Vne, cosine
theorem can be applied to derive the noncritical load voltage as

|Vnc| = \/[Vseries—ES |2 + |Vs |2 - 2 [Vs | |Vseries—ES |COS(6Vseries—ES)

4
—cost [ lvs | — Ivseries—ES | COS(HVseries—ES ) @
Vel

Without loss of generality, the noncritical load is assumed to
have a constant impedance with a lagging power factor.
Therefore, the noncritical load current can be written as

Vi 4
InC:—A(HV +C0S (PF))° (5)
|ch| nc

The active and reactive power of the series-ES can be further
derived as

®)

6,

vnc

I:)series—ES = [Vseries—ES || I nc | Cosa
Qseries—ES = |Vseries—Es | | I ne | sina
+ 6, —COS ™ (PF).

Vnc
Considering (1), the active and reactive power of the shunt-
ES can be written as

(6)

Where a= HVseries—ES

Pshunt—ES = F)series—ES
2
7
Q _ [V | |2 _ I:)shunt—ES )
shunt-ES — |Vs shunt—ES—-lim
V|

By adding up the reactive power of both series-ES and shunt-
ES, one can derive the total reactive power of the ES-B2B as

Qes_s28 = Queries—es + Quhunc-es (®)

Eqg. (8) can be considered as a function of the series-ES

voltage (Veerieses) for a fixed noncritical load (Znc) and mains

voltage (Vs). One single value of series-ES voltage can be found

to acquire the global maximum value of (8). The existence
conditions of this maximum value is given as
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Fig. 2. Reactive power range of the ES-B2B under different levels of voltage
dip when noncritical load has a PF,. = 1.0. (a) Total reactive power of ES-B2B
against series-ES voltage. (b) Projections of the left-hand-side edges to the
“Total Q of ES-B2B"—"Oyveeries-£s SUrface.
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Fig. 3. Reactive power range of the ES-B2B under different levels of voltage
dip when noncritical load has a PF,. = 0.9 (lagging). (a) Total reactive power
of ES-B2B against series-ES voltage. (b) Projections of the left-hand-side edges
to the “Total Q of ES-B2B"—"O\series-es SUrface.
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Fig. 4. Reactive power range of the ES-B2B under different levels of voltage
dip when noncritical load has a PF,. = 0.8 (lagging). (a) Total reactive power
of ES-B2B against series-ES voltage. (b) Projections of the left-hand-side edges
to the “Total Q of ES-B2B"—"O\series-es SUrface.
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Fig. 2 to Fig. 4 show the total reactive power of the ES-B2B
versus the series-ES voltage (Vserieses) for noncritical loads
having one fixed impedance (|Zn] = 6.19 p.u.) and three
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Fig. 5. The structure of a simple microgrid.
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Fig. 6. One-phase equivalent circuit model of a distribution system.

different power factors (PF,. = 1.0, 0.9, and 0.8, all lagging).
Fig. 2(a), Fig. 3(a), and Fig. 4(a) show the total reactive power
of the ES-B2B with respect to the series-ES voltage with a
changing amplitude from 0 p.u. to 0.54 p.u. and a phase angle
from -180° to 0°. The series-ES generating a compensation
voltage in this range is operating at capacitive mode to inject
reactive power. The 2-D planes on the left-hand sides of the 3-
D plots in Fig. 2(a), 3(a), and 4(a) are plotted as in Fig. 2(b),
3(b), and 4(b) respectively. The maximum reactive power
curves versus different levels of voltage dips are also included
as shown by the solid red traces.

A few general features on the maximum reactive power of
the ES-B2B can be drawn by comparing the above three groups
of figures.

i) The maximum reactive power of ES-B2B appears only if
the RMS value of the series-ES voltage is equal to its
nominal value (|e |Vseries—ES| = Vesnom = 0.54 pU) Thus,
by setting the [Vseries-es| = Ves-nom, the total reactive power
function of ES-B2B can be simplified into a single-
variable function as

QES—BZB = f (|Vseries—ES | =VES—nom’QVseries—ES)

, Which are dotted curves in Fig. 2(b), Fig. 3(b), and Fig. 4(b).

ii) The power factor of noncritical load (PFyc) can affect the
value of Ovseries-es that gives the maximum reactive power
of the ES-B2B. For example, in Fig. 2(b), assuming a pure
resistive-type noncritical load, the maximum reactive
power of the ES-B2B appears at Oyseries-es = -97° at 30%
voltage dip. As the noncritical load becomes increasingly
inductive in Fig. 3(b) and Fig. 4(b), the phase angle of
Vseries-Es (Ovseries-£s) Changes to -122° and -132° for
maximum reactive power injection of the ES-B2B at the
same voltage dip level (i.e. 30%).

iii) The phase angle of Vserieses (vseries£s) that gives the
maximum reactive power of ES-B2B changes slightly in
respect to the changing mains voltage. Fig. 2(b), Fig. 3(b),
and Fig. 4(b) show that Oyseries-es varies for 16°, 15°, and
13° to keep the maximum reactive power injection as the



voltage dip level decreases from 80% to 0%.

B. Slip-Torque Analysis

The above analysis demonstrates that the ES-B2B can
operate at a single point to provide a maximum reactive power.
In this section, the transient stability of a microgrid with an ES-
B2B providing FRT support for an FSIG is analyzed by using
the torque-slip model as addressed in [9]. Although the fast
stator and rotor electrical transients are neglected, the
simplified analytic model can highlight the mechanical
acceleration dynamic of the induction generator and allow the
use of the traditional per-phase equivalent circuit for the
dynamic investigation. This analytic approach offers sufficient
insights to highlight the voltage restoration process at the power
system level. As compared with a high-order analytic model,
this analytic approximation is computationally efficient in
learning the mechanical process of an FSIG during FRT period.

The performance of the ES-B2B is analyzed in the system
shown in Fig. 5. The grid modeled as a voltage source is
connected to the primary side (2.4 kV line-to-line voltage) of a
step-down transformer. A congregated wind generator and an
ES-B2B in series association with a dissipative noncritical load
are connected to the secondary side (0.48 kV line-to-line
voltage) of the step-down transformer.

Fig. 6 shows the equivalent per-phase circuit model of the
system under consideration. The grid seen from the secondary
side of the distribution transformer is modeled as a voltage
source (Vg) and a series RL network (rg+ jXg). The T-type model
of the induction generator consists of the rotor reactance (ri +
jx1), the magnetic reactance (jxm), and the stator reactance (r2/s
+ jX2). The shunt-ES is modeled as a current source, and the
series-ES as a voltage source connected in series with a
dissipative noncritical load. All voltages and currents in the
following equations are treated as complex, as indicated by the
arrows on top of the variables.

Based on the circuit model in Fig. 6, the relationship between
the mains voltage (V) and the ES current (I,5) can be written as

Vg =Vt (I + g )(r, + jX,) (10)

, Where the ES current (Izs) is the summation of shunt-ES
current (Isnunc—zs) and noncritical load (7,,;) current as

V, Vo

series—ES

- - - -

IES = Ishunt—ES+ Inc = I

1)

shunt—ES +
nc

Looking into the T-model of the induction generator, the
current of the stator (I;) can be written as

Vo (12)
—Xy - Xy + J (X, - 1,)/S
0/S+ (X, +X,)
Combining (10) and (11) with (12), the mains voltage can
be derived by

V—g-_ shu;Es"'VseriLEsz{ l- +i+ : ]\Z
r, + iX, r. L+ix, he K() (11)
X Xy J(Xn B)/S
n/s+J(X, +1,)

N
I, =

(rn+ %)+

K(s)=(r+jx)+

TABLE I.
SPECIFICATIONS OF THE COMPUTATION EXAMPLE

Squirrel Cage Induction Generator
Description Symbol Value
rotor resistance r 0.0376 p.u.
rotor inductance X1 0.0448 p.u.
stator resistance r; 0.0376 p.u.
stator inductance X2 0.0448 p.u.
mutual inductance Xm 1.827 p.u.
inertial constant Ha 04s
mechanical torque Tm 1p.u.
The Grid ES-B2B
source voltage A 1€l p.u. power rating SEsB2B 0.6 p.u.
grid resistance rg 0.0013 p.u. voltage rating VEes.B28 1.0 p.u.
grid inductance | Xg 0.135 p.u.
= No Compensation

—— 0.6 p.u. ES-B2B

[N

Z 16l ..
ical

rotor speed

electronic torque (p.u.)

(@)

time ()
(b)

Fig. 7. Torque-slip characteristic of SCIG with and without the smart load. (a)
Torque curves. (b) Rotor speed curves.

The rotor current (7,) and the electromagnetic torque (Te) are
thus written as

- - iX
L=1.— (14)
I’2/S+ J(Xm + XZ)
r, |-
T, =-2|1, (15)
S
The mechanical dynamic of the FSIG can thus be derived as
Had—”sz T, (16)
dt

where Ha is the inertia constant, n is the angular speed, Tr and
Te are respectively mechanical torque and electromagnetic
torque.

One case study with the specifications in TABLE 1 is
provided to demonstrate the slip-torque stability of the
induction generator. A 3-ph grounding fault lasting for 0.3 s is
assumed to occur at the high voltage side of the distribution
transformer. The mechanical torque is treated as a constant
value (1.0 p.u.) during the entire simulation period. The
electronic torque is reduced to zero during the fault interval.
The ES-B2B is assumed to generate the reactive power at its
maximum capacity until the grid voltage recovers to the
nominal value. The slip-torque and mechanical transient curves



TABLE II.
CRITICAL SPEED AND CRITICAL CLEARING TIME OF THE ES-B2B WITH
DIFFERENT RATINGS AND NONCRITICAL LOADS

Indexes w-critical (p.u.) CCT (s)

PF of NC load 1.0 0.9 08 1.0 0.9 0.8
04pu. | 1927 | 1.924 | 1.921 | 034 | 032 | 030

Rating of 0.6pu. | 1.945 | 1.943 | 1.940 | 038 | 036 | 033

ES-B2B 0.8p.u. | 1958 | 1.954 | 1.951 | 041 | 042 | 044
10pu. | 1972 | 1.969 | 1.965 | 044 | 042 | 039

of the system with a resistive noncritical load are plotted in Fig.
7.

It can be seen from Fig. 7(b) that when a system fault occurs,
the rotor begins to accelerate due to the loss of torque balance
att=1.2s. This torque balance can only be regained if the fault
is cleared before the speed exceeds the critical speed (w-
critical), which is indicated as the intersection of the mechanical
torque (Tm) and the electronic torque (Te) in Fig 7(a). Once the
critical speed is known, a critical clearing time (CCT) can be
derived to indicate the time margin for the fault clearance by
projecting the critical speed to the mechanical transient curve.
Both w-critical and CCT can be used as the indexes for the
examination of the fault-ride-through support provided by the
ES-B2B.

For this case study, the system compensated by the 0.6 p.u.
ES-B2B possesses sufficient time margin of 0.38 s for fault
clearance. The system with no compensation cannot recover
from the fault lasting longer than 0.27 s. The corresponding
critical speeds for both cases are respectively 1.94 p.u. and 1.70
p.u.. Hence it can be demonstrated that the ES-B2B operating
at the maximum reactive power point can help regain the rotor
speed and recover the grid voltage. The capability of the ES-
B2B in providing reactive power is affected by the power rating
of the converter and the power factor of the noncritical load.
TABLE Il summarized the w-critical and CCT provided by ES-
B2Bs with different setups. It can be concluded that an ES-B2B
having a larger power capacity and operated with a less
inductive noncritical load can provide better FRT support.

I1l. MAXIMUM REACTIVE POWER CONTROL

A few remarks on the features of the maximum reactive
power of the ES-B2B (summarized in Section II/A) are
provided here to facilitate the derivation of the control strategy
of ES-B2B in performing FRT support.

Remark 1: Feature (i) indicates that to guarantee a maximum
reactive power injection of the ES-B2B, the RMS value of
the series-ES voltage should be equal to its nominal value
under all levels of voltage dip and noncritical load
conditions.

Remark 2: Feature (ii) indicates that the phase angle of the
series-ES voltage (Hvserieses) iS the single controllable
variable that decides the maximum reactive power of the
ES-B2B. It changes with respect to the power factor of
noncritical loads (PFnc). Hence, Ovserieses is adjusted
according to the PFyc.

Remark 3: Feature (iii) indicates the voltage dip level has a
slight impact on the phase angle of series-ES voltage
(Bvseries-es) that gives the maximum reactive power of ES-
B2B. Thus, instead of solving Oyseries-es for all voltage dip

Maximum | Vseries-ES-ref
. ———
V.= AVs [ Fault Reactive (1o inverter
s . |Detector Power Control)
Vs nom Control g
- Ishunt—ES—ref
Vseries—ES-ref wt J,

— Vser‘es—ES-ref
=Vseries-£s-nom N | seres V,—[PLL}— ot
—

0 Vseries-ES-ref
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- shunt—ES—lim shunt—ES—d —ref

shunt-ES control

Fig. 8. Structure of the maximum reactive power control.

levels, a fixed value of Oyseries-£s Can be used in a fault event
to reduce the computation burden.

Based on above remarks, the maximum reactive power
controller of ES-B2B is designed to comply with following
guidelines.

i) The RMS value of the series-ES voltage reference is set to
its nominal value (Ie |Vseries—ES| = VES—nom) under all
conditions.

ii) For a given power factor of noncritical loads (PFnc), one
fixed phase angle of the series-ES voltage (Ovseries-es) can
be derived by solving (17) at 30% voltage dip. The
acquired Ovseries-es is applied under all levels of voltage dip.

aQES—BZB — 0 (17)
aeseries—ES

It is necessary to highlight that (17) is in principle a
transcendental equation that requires the iterative
algorithm to solve. In order to improve the computational
efficiency, we adopt an alternative method by solving the
equation offline for a few typical power factor conditions
and then using an interpolating function as given in (18)
for other PFc conditions. The mathematics of deriving the
interpolating function can be found in APPENDIX I.

L, (x) = 46667x* —175333x’ + 246883’
—-154512x + 36163

iii) The shunt-ES will cooperate with the series-ES to keep the
instantaneous active power balance of the B2B converter.
The spare capacity of the shunt-ES will be utilized to
generate reactive current.

By applying guidelines i) and ii), the series-ES voltage
reference is set as a fixed sinusoidal signal during the entire
FRT period. Such a fixed reference strategy can bring a few
immediate benefits. The controller can possess a simple
structure with minimum feedbacks and computational burden.
The ES-B2B system can response sufficiently fast to abrupt
fault events due to the simplified control structure. In fact, it
will be demonstrated that setting the series-ES reference as a

(18)
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Fig. 9. Theoretical and simulated maximum reactive power of ES-B2B
associated with noncritical loads having different power factor. (a) PF, = 1.0.
(b) PF,c = 0.9 (lagging). (c) PF,. = 0.8 (lagging).

fixed sinusoidal signal does not cause much deviation of
reactive power from its maximum value.

Fig. 8 shows the structure of the proposed maximum reactive
power control of the ES-B2B. The fault detector provides a
trigger signal to activate or deactivate the maximum reactive
power control. The triggering threshold is set to be more than
30% of mains voltage dip. Following guidelines i) and ii), the
reference of the series-ES voltage is set to be a fixed sinusoidal
signal. One proportional-integral (P1) controller is implemented
to maintain a stable DC link voltage of the B2B converter. The
derived active current reference is used to regulate the charging
and discharging of the DC link capacitors. Consider the
converter current limit, the reactive current reference of the
shunt-ES is calculated. After the synchronizer, the reference of
the shunt-ES current in sinusoidal form is generated. The
references of the series-ES and shunt-ES will be sent to the
inverter controllers in the next stage.

IV. SIMULATION RESULTS

A. The Evaluation of the Maximum Reactive Power of the ES-
B2B with Different Noncritical Loads

The maximum reactive power characteristics of the ES-B2B
with different noncritical loads is evaluated in this section.
Simulation results are provided to demonstrate the maximum
reactive power of the ES-B2B under different levels of voltage
dip (80% to 0%). The setup as shown in Fig. 5 is implemented
in MATLAB/Simulink except that the WTGS is removed. The
source voltage is programmed to ramp up from 20% the
nominal voltage to 100% the nominal voltage.

The control strategy of ES-B2B discussed in section 11 is
adopted here. Similar simulations are repeated for three
noncritical loads with different PF¢ (1.0, 0.9 (lagging), and 0.8
(lagging)). The corresponding references of series-ES voltage
derived by (18) are given as 120£-97° 120£-122°, and 120«-
132°.

The blue traces and red traces in Fig. 9(a) to 9(c) show the
total reactive power of the ES-B2B derived from theoretical
calculation and simulation respectively. It can be found that
when the fixed reference of series-ES voltage is used, the
maximum reactive power of the ES-B2B deviates from the
theoretical value for a slight amount. The deviation grows
larger as the level of voltage dip decreases, but the value
remains to be much smaller than the total available reactive
power. For the three cases under study, the maximum
percentage of reactive power deviation caused by using a fixed
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Fig. 10. Fault-ride-through support of one ES-B2B. (a) The rotor speed of the
SCIG. (b) The mains voltages. (c) The reactive power of the ES-B2B with
noncritical load having different power factors.

voltage reference is 6.35%. It can thus be concluded that the
using a fixed reference of series-ES voltage does not cause
noticeable interference on the reactive power compensation of
ES-B2B.

B. Real-Time Simulation Study of a Single ES-B2B

To test the real-time operation of a single ES-B2B during a
fault event, the system setup as shown in Fig. 5 is implemented
together with the specifications in TABLE | in the RTDS
platform. One critical load is connected to the same bus with
the smart load branch (ES-B2B plus noncritical load). The
critical and noncritical load are assumed to have an equal power
rating, which is a reasonable consideration as explained in [23].
The control method discussed in Section 111 is also implemented
in the RTDS platform. A 3-ph grounding fault lasting for 0.3 s
is assumed to occur at the high voltage side of the distribution
transformer. The simulation is repeated for three noncritical
loads having different power factors (1.0, 0.9 lagging, 0.8
lagging).

Fig. 10(a) shows the rotor speed of the SCIG. It can be found
that the rotor speed of SCIG compensated by the ES-B2B
associated with a purely resistive load shows the fastest
recovery as indicated by the green trace. The ES-B2B needs
slightly longer time to bring the rotor speed back to nominal
value (1.0 p.u.) as the noncritical load becomes more inductive
(the red and light blue traces in Fig. 10(a)). The SCIG without
compensation is incapable of recovering on its own after the
fault is cleared as shown by the blue trace in Fig. 10(a). The
corresponding mains voltage in p.u. value is recorded in Fig.
10(b). It can be found that the mains voltage of the grid
compensated by ES-B2B rises back to the nominal value (1.0
p.u.) after the fault has been cleared. However, the mains
voltage of the grid with no compensation is below the nominal
value before the fault occurs and cannot recover to the initial
value after the fault has been cleared, as indicated by the blue
trace in Fig. 10(b). In Fig. 10(c), the measurements of the
reactive power provided by the ES-B2B are recorded. Att=0.2
s, the ES-B2B supplies reactive power to compensate the mains
voltage, since the uncompensated mains voltage is smaller than
the nominal value (1.0 p.u.). During the afterward fault interval,
the ES-B2B continues to provide reactive power until the mains
voltage is fully recovered.
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C. Real-Time Simulation Study of distributed ES-B2Bs in a
Microgrid

In order to study the collective performance of a group of ES-
B2Bs in providing FRT support, the microgrid as shown in Fig.
11 is built up in the RTDS platform. The specifications of the
microgrid can be found in [26]. For the purpose of this real-time
simulation study, a few modifications have been done. The
congregated load connected at Bus-12 is split evenly into eight
distributed loads (each rated at 0.1 MW and 0.06 MVar, PF =
0.86). At the four newly introduced power nodes (i.e. D1, D2,
D3, and D4 in Fig. 12), every two of these distributed loads are
connected in parallel to form a group of critical and noncritical
load, assuming that the power ratio of the noncritical and
critical load is 50:50. In addition, four distributed wind
generators (all rated at 0.037 MVar and 480 V) are added at D1,
D2, D3, and D4 to replace the large DG1 in the original setup.
Four ES-B2Bs (each rated at 0.04 MVA) are connected in series
with noncritical loads to offer distributed FRT support. The four
newly introduced power nodes are clustered in three typical
structures of distribution grid (i.e. the chain structure in Fig.
12(a), the loop structure in Fig. 12(b), and the star structure Fig.
12(c)). The structure of each new power node is shown in Fig.
12(d). A 3-ph grounding fault lasting for 0.3 s is assumed to
occur at the high voltage side of the distribution transformer T3.
The measurement of the rotor speeds of the SCIG and the bus
voltage at the four power nodes in the chain, loop, and star
structures are provided in respectively Fig. 13(a) to Fig. 13(c).

In a chain structure, as the power node moving away from
the secondary side of the distribution transformer, the rotor
speed of the SCIG takes a longer time to recover. In the loop
structure where a better symmetry of the topology is
guaranteed, the rotor speed of the SCIG at D3 takes the longest
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Fig. 13. Simulation result of rotor speeds and mains voltages in different
distribution line topology. (a) Chain type. (b) Loop type. (c) Star type.

time to recover, as indicated by the light blue trace in Fig. 13(b).
SCIGs at D2 and D4 take a slightly smaller recovery time as
indicated by the overlapping green and red traces respectively
in Fig. 13(b), while the SCIG at D1 shows the best recovery
ability as indicated by the blue trace in Fig. 13(b). In a star
structure, the symmetric grid topology guarantees a fair
recovery ability of the rotor speed among all SCIGs in D1 to
D4. This is why the four traces of rotor speed and mains voltage
for D1 to D4 are overlapping with each other in Fig. 13(c). From
the real-time simulation results given in Fig. 13, conclusions
can be drawn as follow.

i) The distributed ES-B2Bs are very adaptive to different grid
structures in recovering the rotor speed and mains voltage during
a fault event.

ii) Besides tackling long-term voltage instability caused by
intermittent renewable generations, the on-site voltage support
function of distributed ES-B2Bs is helpful in improving the
severe short-term grid interruption as well.

iii) As the symmetry of the grid topology gets worse, the
performance of the ES-B2B located further away from the
secondary side of the distribution transformer gets less effective,
unless an ES-B2B with a larger power rating is installed. This
phenomenon is understandable because, as the voltage drop
increases along the distribution line, more reactive power is
needed in order to support the mains voltage.



TABLE III.
SUMMARY ON THE RECOVERY TIME OF ROTOR SPEED
D1 D2 D3 D4
Distributed | 3455 | 05225 | 07645 | 1365
. ES-B2Bs
Chain Centralized
STATCOM 0.334s 0.518 s 1.114s © s
Distributed
ES-B2Bs 0.334s 0.398 s 0.396 s 0.488 s
Loop Centralized
STATCOM 0.348 s 0.421s 0.420 s 0.438 s
Distributed
ES-B2Bs 0.355s 0.353s 0.353s 0.354 s
star Centralized
STATCOM 0.348 s 0.351s 0.352s 0.350 s
TABLE IV. X theoretical value

— 4-order Lagrange polynominal
—— 2-order Lagrange polynominal

OPTIMAL PHASE ANGLE OF SERIES-ES
VOLTAGE UNDER DIFFERENT POWER
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Power Factor S 100 [t
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10 -132° Fig. 14. Lagrange polynomials.

D. Comparison with STATCOM

A comprehensive comparison between distributed ESs and
centralized STATCOM has been reported in [15]. In order to
avoid repetitive work, this section highlights the comparison on
the FRT support of the FSIGs. The real-time simulation studies
in Section I1V/C are conducted again with the same microgrid
implementations, except that all the ES-B2B in the newly
introduced power nodes are removed and a centralized
STATCOM with the power rating of 0.052 MV A (four-time the
power rating of a single ES-B2B) is added at Bus-12. The time
taken to recover the rotor speed to its nominal value (1.0 p.u.)
after the fault has been cleared is used here as the comparison
index. TABLE Il tabulates the rotor recovery time of the
system with either distributed ES-B2Bs or a centralized
STATCOM. In the chain structure, the centralized STATCOM
is not as effective as distributed ES-B2Bs. Although both
solutions show the comparable capability of recovering the
rotor speed of the first two SCIGs in D1 and D2, the centralized
STATCOM spends much longer time than distributed ES-B2Bs
in recovering the rotor speed of the SCIG in D3 and fails to
bring back the rotor speed of the SCIG in D4. In the chain and
loop structures, the distributed ES-B2Bs show as good
performance as centralized STATCOM. Therefore, the results
in TABLE Il indicate that distributed ES-B2Bs is more
adaptive to different microgrid structures and can perform
better FRT support for a microgrid with a large number of
distributed generators than a centralized STATCOM.

V. CONCLUSIONS

In this paper, distributed smart loads based on electric springs
with fast response time have been evaluated to provide FRT
support in a microgrid with FSIGs for the first time. The power
feature of the ES-B2B is investigated to facilitate the design of
a simple and effective controller. It is demonstrated that by

simply setting the series-ES voltage to a fixed sinusoidal value,
the ES-B2B can inject the maximum reactive power to help
recover the bus voltage and the rotor speed of FSIG during a
grid fault event. The operation of the distributed ES-B2Bs in
different grid structures indicates that ES-B2B is a versatile
technology that has a high level of power adaptiveness and a
strong robustness to topology variations.

APPENDIX |

The optimal phase angles of the series-ES voltage with
respect to five power factors of noncritical load are derived by
solving (17). The results are concluded in TABLE IV.

Lagrange polynomial given in (19) is used here to derive the
interpolating function of the phase angles of the series-ES
voltage (Ovseries-es) for maximum reactive power injection.

n+l X—X.
L() =2 l_[u “Yi

k=1 | “j=k (Xk —Xj)

, where n denotes the order of Lagrange polynomial.
Both two-order and four-order Lagrange polynomials are

derived as (20) and (21). Their plots are shown in Fig. 14. To
achieve better accuracy, the four-order interpolating function is
adopted in this paper.

(19)

L, (X) = 7502 —1524X + 642 (20)
L, (X) = 46667x" —175333x" + 246883x> 21)
~154512x + 36163
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