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Abstract—When multiple stable systems are combined into one
system, the newly formed hybrid system has a certain possibility
to be unstable. Such a natural phenomenon has been verified
in the fields of chemistry and biology over the last century. The
implementation of electric springs (ES) in large quantity over the
power grids can also suffer from the same issue if specified design
are not performed. As an initial feasibility study of multiple ES
in smart grids, in this paper, based on the concept of relative
stability, a method of tuning K, and K; of the proportional-
integral (PI) controllers of the ES to ensure the overall system
stability of a weak grid is investigated and is achieved through
the aid of simulation on an extended low-voltage (LV) network
of IEEE 13-node test feeder. Both simulation and experimental
results validate that as the number of ES in the isolated LV
network (weak grid) increases, more stringent values of K,
and K; are required to achieve system stability. Besides, a
hypothesis that if the optimal values of K, and K; are adopted,
a maximum number of ES can be stably installed over the grid
is proposed. It is also shown experimentally that by eliminating
the instability of voltage fluctuation in the distribution line, the
subsequent frequency fluctuation of the power generation can
also be eliminated.

Index Terms—Stability, electric spring (ES), small-signal model,
low-voltage (LV) network, smart-load unit, smart grid, PI con-
troller.

I. INTRODUCTION

ENEWABLE energy sources like wind and solar energy

will be increasingly used over the next few decades in
many countries which are decarbonizing power generation [1]-
[3]. These renewable energy sources will be massively and
distributively installed in the power grids and as such, the
traditional paradigm of centralized power flow control in that
power generation follows the load demand on an instantaneous
basis, will no longer be valid. This is because the unpredictable
and intermittent nature of wind and solar makes it quite
impossible for utility companies to precisely determine the
instantaneous required power generation in real time. Instead,
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energy storage solutions [9], [10] and demand-side manage-
ment strategies [4]-[10] in which load demand follows power
generation upon activation have been proposed to alleviate the
problem of real-time power fluctuation [6]—[8].

The idea of installing electric springs (ES) with non-
critical loads as smart-loads was initially proposed in [11]
for distributed voltage control while enabling demand-side
management without the need for communication. ES can be
used to i) provide electric voltage support; ii) store electric
energy; iii) damp electric oscillations. ES that provide voltage
control of grids through reactive power compensation are
illustrated in [12]-[15]. A more comprehensive concept of
ES, involving both active and reactive power compensation
of power grids, was presented in [16]. So far, the reported
investigations are mainly focused on the interaction of a single
ES with the power grids [11]-[16]. In practice, multiple ES
are required to be installed on different nodes along the
distribution line of the low-voltage (LV) network to provide
necessary voltage control of each local node. Apparently, with
such an arrangement, the transmission of energy into the grid
between various ES may cause instability of the combined
grid system even if the individual ES system complies its
respective stability design. It is well documented that multiple
stable subsystems (no matter linear or nonlinear), with energy
exchange between each other may cause the combined system
to be unstable, as reported in [17], [18].

Such a phenomenon and some of its solutions are presented
in the field of power electronics [19]-[30]. In [19]-[22], the
small-signal analysis for the stability of power converters
used for different areas are given. In [23]-[30], each grid-
tied inverter is connected to the grid with a low impedance
to achieve stability. However, the circumstance is changed if
multiple inverters are connected to the grid in parallel. The
stability of the system is then dependent on the total system’s
impedance. Parallel oscillation of the system between the
inverters may occur. Furthermore, if the number of inverters is
increased, the total capacitance of the system will be increased,
which means that the resonant frequency will decrease. If the
resonant frequency falls below the band frequency, the system
will be unstable. In fact, all these analysis on the stability of
multiple inverters in power system through circuit theories can
essentially be explained using the more fundamental theory of
local activity [18], which is a cornerstone theory for explaining
the unstable phenomena in circuits. According to the theory
of local activity, the unstable nature of multiple inverters
with active loads is plainly attributed to the aspect of energy
exchange between inverters and power sources. For multiple
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ES, such a phenomenon can also happen. The total resonant
frequency of the system for multiple ES with LC filters is
lower than the resonant frequency of system for a single ES,
which can possibly fall below the band frequency of the system
and leads to the instability of the system. Besides, as each ES
is installed with batteries, the ES can be considered locally
active. The energy transfer between power sources and each
ES can introduce system instability, which severely affects
the power quality of the electricity used by consumers and
ruin the original purpose of ES in terms of stabilizing local
node voltages supplying critical loads. More importantly, if the
amplitude of the oscillation is significant and does not cease
within the permitted period, the whole power system may
blackout [31], [32]. Therefore, it is necessary to investigate
the stability property of multiple ES when installed in the
power grids and to provide the corresponding design solution.
In this paper, the small-signal model and the stability analysis
for multiple ES in both grid-connected LV network (strong
grid) and isolated LV network (weak grid) are provided. The
controllers used for the ES in this study are the classic PI
controllers, which can achieve satisfactory performance in
most applications involving both linear and nonlinear systems.
Being compared with nonlinear control strategies, PI control
generally requires less sensors. Besides, the structure of PI
control is simple and the tuning method is mature, which
is widely applied in industry. A tuning method of the PI
controller of the ES in achieving stability for multiple ES
implementation in the extended isolated LV network of IEEE
13-node test feeder is provided based on the analysis and
simulation results. The proposed tuning strategy is also verified
experimentally by three ES being installed in an emulated LV
network. This method is generally applicable to the design of
nonlinear types of controller for the same system.

II. SMALL-SIGNAL ANALYSIS OF THE SMART-LOAD UNIT

Fig. 1 shows an overview of a general power grid system
with electric springs ES; that are connected in series with
the non-critical loads Zy; as smart loads. The smart loads
are connected in parallel with the critical loads Z¢;, where
7 = 1,2,...,n, and n is the total number of ES in this
power network. Here, the node voltage of each ES is defined
as v¢;. The current flowing through each smart load is defined

] section of the power grid with a smart load

Overview of electric springs embedded in smart loads that are installed along the distribution line of a power grid.

as iyrj, the current flowing through each critical load is
defined as icr;, and the total current flowing through each
unit of ES, smart load and critical load is defined as iz;. The
voltage of each ES and non-critical load in smart load are
respectively ves; and v,;. The ES and loads are powered by
the voltage source v, through the distribution cable which has
sectional impedances described as Z;;. The current flow of and
voltage drop across the impedance are defined respectively as
135 and vgz;;. Each smart load, its parallel critical load, and
the corresponding distribution cable impedance are defined as
a smart-load unit.

2 feaj by Is;
focj v?lj ___________ ‘ <
C“/\T | LC passive filgr \ Dy 2
o Gy
L L G ||
Voc; —r [TUT\ selm
—— e ——1-2==
+ Vi V,
— ] esj
CZJ/\TVCZ] Dy ﬂ Sy
i lesj lesj ) ]
2 Ipij Is3;
) \7 ]
fi ,:]| INLj
Mechanical
ZI](RIp Llj) Bypass Switch

Iey

Zgj TV“‘ Zyj TVoj

Fig. 2. Schematic of the smart-load unit.

The schematic diagram of the smart-load unit is given in
Fig. 2. The ES is implemented by a half-bridge inverter. v,; is
the equivalent voltage source. By applying Kirchhoff’s circuit
laws and small-signal analysis [33], a general small-signal
model for the smart-load unit can be obtained as
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are pure resistive loads such that Zy; = Ry; and Zg; =




Rcj, which will not affect the generality of the analysis.
The impedance of the distribution cable Z;; comprises the
resistance [?;; and the inductance L;;. The parameters k;j,
kaj, k34, and k; are time-varying coefficients adopted to model
different kinds of power grids. A common classification of the
grid is the so-called strong grid and weak grid. In a strong grid,
the load current does not affect v,. Therefore, the assurance
of individual ES stability at a local node, when combined over
the entire network, will result in a globally stable network. In
a weak grid, load current disturbance affects v, which affects
node voltage. Individual ES stability does not ensure global
stability of network. Investigation of the stability condition
over the equ1valent system model is required [34]. Based on

the definition, Z k =0, k; # 0 is adopted in the modeling

of the strong grid and H ki;k; # 0O for the weak grid. Without

considering additional state variables, the proposed models of
both strong and weak grids can extensively (although not fully)
reflect the dynamics of the system, e.g. impedance and load
change.

III. STABILITY ANALYSIS OF THE SMART-LOAD UNIT

A. Derivation of the Transfer Function of the Controlled
Smart-Load Unit

Based on (1), the frequency domain transfer function for
each smart-load unit in Laplace form can be derived as
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where G1; (s) =

Rn;Cj s+1+ L

The controllers used for each ES in this paper are classac PI

controllers with a transfer function G. (s) = K, + Sl , where

K, is the proportional gain and Kj; is the integral gain. The
transfer function of the controlled system is

Ve (5) _ Ge(s)Geu(s)
U;E}j (S) 1+ Ge (S) Geu (5) ’

where verer; (s) is the small-signal variation of verefj (),
which is the reference voltage of v.j. The transfer function
(3) can also be used for the after-mentioned simulation to
determine the effect of the coefficients on the power grid’s
behavior.
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B. Brief Description on the Concept of Relative Stability

A useful method for determining the stability of a system
in the frequency domain is by locating the eigenvalues in the
s plane. If all eigenvalues are located on the left-hand side
of the jw axis, the system is stable. Otherwise, the system
is unstable. The concept of relative stability states that the
further the eigenvalues are located on the left, the more stable
the system will be. Conversely, the further the eigenvalues
are located on the right, the more unstable the system will be

[35]. The transition from being stable to unstable is determined
by the jw axis, which is also known as the boundary of
the stability. The relative stability concept can be understood
from Fig. 3. Fig. 3(b) depicts the RMS value of the common
coupling voltage v.; of the system after a sudden change of
vs under a control corresponding to the eigenvalues presented
in Fig. 3(a).
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Fig. 3. Illustration of relative stability.
C. PI Controller Tuning Based on Eigenvalues

From (1) and (3), the Jacobian matrix of the controlled
system can be obtained as
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inverse Laplace transform operator From (4), the eigenvalues
of the system can be found by solving

det [\ — J (X,)] =0, (5)

for the eigenvalues A, where [ is a 4 x 4 matrix.

All eigenvalues should contain negative real parts to ensure
full system stability. Reversely, for controller design, one can
set the eigenvalue pairs on the jw axis of the s plane, which
represent the boundary of stability, i.e., s = £mj, where
m > 0. Then, based on (4) and (5), the feasible ranges of
K, and K; that can be used with stability assurance can
be obtained. However, for multiple ES system, the rank of
the Jacobian matrix can be five (or higher). According to
Galois Theory, there is no formula for the roots of a fifth (or
higher) degree polynomial equation in terms of the coefficients
of the polynomial, using only the usual algebraic operations
(addition, subtraction, multiplication, division) and application
of radicals (square roots, cube roots, etc.) [36]. This implies
that for a system with three or more ES, it is not possible
to derive the stability criteria analytically. Nevertheless, it is
feasible to numerically study the tuning parameters K, and K;
via the simulation results, which will be presented in Section
Iv.

D. Effect of Local Voltage Instability on Global System’s
Frequency

In this paper, the power generator is modelled as an ideal
source without considering the generator dynamics for sim-
plicity of elaborating the possibility of frequency variation



when multiple ES are not well-regulated. A simple power gen-
erator of a power grid is governed by the swing equation [37]

duw,
Ju, X _p
Wr gy

where J is the rotational inertia of the rotor, w, is the
angular frequency of the generator, P,, is the mechanical
turbine power, and P, is the electrical power. The amplitude
fluctuation of v.; due to any instability will lead to the
fluctuation of P., and may consequently (depending on the
penetration level of the disturbance) fluctuates the frequency
of the power generation, i.e., frequency of the system. Severe
frequency fluctuation affects not only the power quality of
the delivered electricity, but may induce more instability with
some other load consumptions to further destabilize the entire
network.

- P, (6)

IV. CASE STUDIES AND SIMULATION RESULTS

The control block diagram of the smart-load unit is shown
in Fig. 4, where V,,..r; is the RMS value of vepepj, Vo is
the RMS value of v.;, 0 is the difference of angle between
Voj and inr;. The PLL adopted in Fig. 4 is the conventional
PLL with a phase detection unit, a loop filter and a voltage
controlled oscillator with a bandwidth of 25 Hz. The PLL in
the final control strategy for the actual switched system is not
included in the small-signal model, but it does not affect the
values of tuning coefficients derived based on the small-signal
analysis.

control signal
to ES
sawtooth wave
generator

Fig. 4. Control block diagram of the smart load.

The parameters of each smart-load unit and the power
source used in the simulation are given in Table 1.

TABLE 1
SPECIFICATIONS OF THE SMART-LOAD UNIT AND POWER
SOURCE
Parameters Values Parameters Values
Vbaoj 400 V C15,C2j 3000 pF
L; 500 pH Cj 13.2 pF
Zc; 53 Q ZNj 50.5 Q
Ly; 1.22 mH Ry 0.1 Q
Vs 350 sin (wt+0) V Vcrefj 311sin (wt) V
Sref 50 Hz fs 20 kHz

A. ES in a Strong Grid

In this part, as shown in Fig. 5, simulation is performed on
the IEEE 13-node test feeder with grid-connected mode of
extended LV network (the breaker is on) with fluctuations of
the renewable energy source v value systematically changing
from 0% to 10% to —10% to 30% to —20% to 30% and finally
to 20% of the nominal voltage (i.e., 220 Vi) at every 1 s
interval, for the case of with and without an ES. The installed

7 650 ON: grid—connected mode (strong grid)

630 Extended LV network | |

633
632
4.16 kVI4BUV | 480 V/220V

646 645

611 l)i}-‘ 671 692

675 OFF: isolated mode (weak grld)

652 680

Fig. 5. IEEE 13-node test feeder with extended LV network in grid-connected
and isolated mode.

ES adopts a PI controller with K,, = 0.06 V/V and K; =
0.0004 V/V. The network has two voltage levels 4.16 kV
and 480 V with a distribution transformer connected between
node 633 and 644. In the original feeder, an aggregated load
is connected to bus 634. However, for the purpose of this
paper, the LV side has been modified to a 220 V distribution
line with a step-down transformer of 480V/220V. Fig. 6 shows
the corresponding RMS value of the critical load voltage. As
shown, with the ES activated, the voltage of the critical load
is regulated at the nominal RMS voltage of 220 V despite the
fluctuations of v;. However, without the ES, the voltage of the
critical load fluctuates according to the fluctuation of vj.
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Fig. 6. Comparisons of the RMS voltage of the critical load for the case of
with and without an ES, with v, fluctuating.

Based on the parameters in Table I and by solving (5),
the critical values of the PI controller, which correspond the
boundary of stability, can be obtained as K, = 1.1 V/V and
K; =9.2 V/V. Therefore, the stable ranges of K, and K; of
the PI controller for single ES in a strong grid can be given

as
0V/V<K,<11V/V -
0V/V<K; <92V/V "

The critical values of K, and K; are dependent on the
parameters in (4). To validate the calculated critical tuning
values and further investigate the stability effect of multiple
ES under these values, several sets of K, and K; values are
used in the simulation of the critical load voltage. The results
are shown in Fig. 7. Furthermore, in strong grids, the assurance
of stability of a single ES is sufficient for assuring the stability
of multiple ES in the same grid. As long as the droop control
strategy is adopted [14], the tuning range of K, and K in (7)
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Fig. 7. RMS voltage waveforms of the critical load under different K, and
K; values for a single ES in a strong grid.

is also applicable for multiple ES in a strong grid.

B. ES in a Weak Grid

In (1), it is mentioned that different values of ki, ko, ks,
and k represent different impact levels of v, ves, 77, and vs on
the variation of vs, which mathematically describe how strong
or weak the grid is. Based on (3), the pole-zero map of the
controlled smart-load unit can be plotted as shown in Fig. 8.
Considering (7) and the performance in Fig. 7, a conservative
setting of K, = 0.2 V/V and K; = 0.25 V/V is used.
According to Fig. 8(a), when k; = 0, ks = 0, £k = 0, and
the value of k; changes from 100 to 1000, one eigenvalue
moves from the original point to the right-half plane, which
means that as the influence of v, on v, increases, the smart-
load unit tends to become more unstable. Similar conclusions
on the increasing influence of wv.s (as ko increases) and ip,
(as k3 increases) on v, which result in the smart-load unit
becoming more unstable, can be drawn from Fig. 8(b) and 8(c),
respectively. However, note that it is only for very large values
of k1, k2, and k3 that the stability issue of the weak grid system
needs to be considered. In reality, K, and K; are more strictly
tuned, which results in necessarily larger k1, ko, and k3 values
than that given in Fig. 8 for causing instability. This means
that the the smart-load units can undertake a weaker grid than
the one simulated for Fig. 8. Therefore, the ranges of K, and
K; of the PI controller of a single ES in a weak grid can be
the same as that for a strong grid.

Thus, K, = 1.1 V/V and K; = 9.2 V/V are the critical
tuning of the PI controller corresponding to the boundary of
stability for a single ES in a weak grid, which is implemented
by an extended LV network in isolated mode of the IEEE 13-
node test feeder, as shown in Fig. 5. Fig. 9(a) shows the RMS
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Fig. 8. Poles and zeros of the smart-load systems in a weak grid with
different values of k1, k2, and ks.
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Fig. 9. RMS voltage waveforms of the critical load in the weak grid with
one installed ES and two installed ES.

voltage waveform of the critical load of the system with a
single ES and that with two ES installed in the weak grid, both
with the critical tuning of K}, =1.1 V/V and K; = 9.2 V/V.
With one ES, the system is at the boundary of stability
with sustained oscillation. With two ES, the system is highly
unstable. On the other hand, by substituting the specifications



in Table I into (7), critical values of K, = 0.7 V/V and
K; = 8.0 V/V for two ES can also be obtained. Fig. 9(b)
shows the corresponding RMS voltage waveform of the critical
load. Obviously, with this setting, system with two ES are at
the boundary of stability and that of single ES, via the concept
of relative stability, is more stable than that of single ES with
K, =11V/V and K; = 9.2 V/V. From this, it can be
observed that as the number of ES in the weak grid increases,
more stringent values of K, and K are required.

As mentioned, there is no mathematical resolution for
deriving the stability criteria of a grid with three or more ES.
Nevertheless, the control design can be practically achieved
through a parameter-tuning process via time-domain simula-
tion. Here, we adopt a conservative approach such that as the
values of K, and K; are changed, the dynamic response of
the critical load’s RMS voltage with one ES installed on the
grid, are visually inspected. The parameters which generate
one overshoot or undershoot in the critical load’s RMS voltage
without further oscillation when v, fluctuates, are defined
as the critical parameters of the PI controller. After several
rounds of tuning, the critical parameters K, = 0.2 V/V and
K; = 0.25 V/V are found to be the upper bound values for
a single ES. The lower bound values for single ES are found
to be K, =0.05 V/V and K; =0 V/V.

Through several repeated tuning of the PI controllers for the
number of ES increasing from 1 to 10 and 50 and keeping K;
at 0 V/V < K; < 0.25 V/V, the tuning ranges of K, can
be obtained. Then, by tuning K; and adjusting K, within a
small range, the final tuning range of K, and K; of the PI
controllers can be determined as given in Table II. Visual plots
of the tuning for different number of ES that achieve system
stability are given in Fig. 10. Fig. 10(b) is the two-dimensional
view from top of Fig. 10(a).

TABLE I
TUNING RANGE OF Kp AND K; FOR DIFFERENT NUMBER OF
ES IN THE WEAK GRID

Number of ES  Range of K, (V/V) Range of K; (V/V)

1 0.05 < K, <02 0<K;<0.25
2 0.05< K, <0.14  0.01<K,;<0.1
3 0.05< K, <012  0.03<K;<0.1
4 0.05< K, <0.09 0.04<K,;<0.1
5 0.05< K, <0.09  0.04<K,;<0.1
6 0.05< K, <0.09 0.04<K;<0.1
7 0.05< K, <0.09  0.05<K; <0.1
8 0.05< K, <0.08  0.05<K; <0.1
9 0.05 < K, <0.07  0.05< K; <0.1
10 0.05< K, <0.07  0.05< K; <0.1
50 0.05 < K, <0.065 0.06 < K; <0.1

From Fig. 10(b), the optimal parameters of K, = 0.05 V/V
and K; = 0.1 V/V can be found. This means that if all
the controllers of ES are tuned with K, = 0.05 V/V and
K; = 0.1 V/V in the weak grid, the maximum number of
ES can be installed. Besides, if the weak grid system requires
only stability and are not concerned with the dynamics, the
tuning range of K, and K; can be larger than the tuning values
obtained with the defined conservative approach. Furthermore,
based on the tendency of tuning results in Fig. 11, which
shows that keeping the critical tuning of K, and K; for 50
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Fig. 10.
weak grid.

Tuning zones of K, and K; for different number of ES in the

ES, the system can be more stable when the total number of
ES is reduced, and also the results in Fig. 9(b), the values of
K, and K; can be fixed and need not be adjusted according
to the number of ES being installed, since the system with
the optimal tuning of K, and K can tolerate light variations
of the system conditions. Even if the variation of the system
conditions is heavy, by using the results given in Fig. 10, a
trail-and-error method of increasing/decreasing both the values
of K, and K; of the system to achieve system stability, can
be conducted.
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Fig. 11. A comparison of the RMS voltage waveform of the critical load

in a weak grid containing 50 operating ES, 10 operating ES, and 1 operating
ES, all with the critical tuning for 50 ES.

TABLE III
SPECIFICATIONS OF THE SECTION OF THE POWER GRID WITH
A SMART LOAD FOR EXPERIMENT

Parameters Values Parameters Values
Veres (rms) 30V Vs (rms) 3132V
Cy 1640 uF Cy 1640 puF
L 500 uH C 132 uF
L 0.5 mH J 3.5 kgxm?
Vbe 48 V fs 20 kHz
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Fig. 12.  Waveforms of the renewable energy voltage vs, common coupling
point voltage v., and voltage of ES for single unit of smart load.

V. EXPERIMENTAL VERIFICATION

Experiments are conducted on three units of smart load
with the main parameters given in Table III. The non-critical
load used for each unit is a nominal 60 W bulb and a
nominal 200 W bulb in parallel. The critical load used for each
unit is a 50 Q resistor. The PI controllers are implemented
using TI’s TMS320F28069. The variable energy source is
emulated by the California Power Supply CSW5550 with
MATLAB/SIMULINK.

The effectiveness of using ES to regulate the voltage of the
common coupling point can be seen in Fig. 12. As the RMS
voltage of the variable energy source vy is reduced from 31.32
V to 27.21 V, the RMS voltage of the common coupling point
v, 1s decreased from 30 V to 26 V before the ES is activated.
However, after the ES with PI controller of K, = 0.05 V/V
and K; = 0.008 V/V is activated, v,. rises back to the nominal
30 V.

Then, two units of smart load with the same PI controller
tuning of K, = 0.05 V/V and K; = 0.008 V/V are installed
and the variable energy source v, is again reduced such that v,
drops from 30 V to 26 V. Fig. 13(a) shows the RMS voltage
of v, being boosted up back to 30 V by activating the first ES
while keeping the second ES deactivated. Fig. 13(b) shows the
RMS voltage of v, being regulated at 30 V by activating the
second ES while keeping the first ES deactivated. In both the
aforementioned settings, the grid voltage is stably regulated.
However, when both the ES are concurrently activated, as
shown in Fig. 13(c), oscillation and instability of v., Ves1,
and veso occur, which validates the analysis aforementioned.
Yet, based on the tuning strategy of PI controllers for ES
provided and using what is given from Fig. 10, the system
can be made stable by setting K, and K; of both ES as
K, = 0.02 V/V and K; = 0.003 V/V. The results are
given in Fig 13(d) which shows that v, ves1, and vego can
work stably and the RMS value of v, is well regulated at
30 V. Then, three units of the smart load with the same PI
controller tuning of K, = 0.05 V/V and K; = 0.008 V/V
are installed and the variable energy source vy is also reduced
such that v, drops from 30 V to 26 V. Fig. 14(a) shows the
RMS voltage of v. being regulated to 30 V by activating the
first ES while keeping the second ES and third ES deactivated.
Fig. 14(b) shows the RMS voltage of v. regulated at 30 V
by activating the second ES while keeping the first ES and
third ES deactivated. Fig. 14(c) shows the RMS voltage of v,
regulated at 30 V by activating the third ES while keeping the
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Fig. 13.  Waveforms of the common coupling point voltage v., voltage of
ES1, and voltage of ES2 for various settings of the ES.

first ES and second ES deactivated. In both the aforementioned
settings, the grid voltage is stably regulated. However, when
the three ES are concurrently activated, as shown in Fig. 14(d),
oscillation and instability of v., ves1, and veso occur, which
again validates the analysis aforementioned. However, based
on the tuning strategy of PI controllers for ES provided and
using what is given from Fig. 10, the system can be made
stable by using more stringent values of K,, = 0.02 V/V and
K; = 0.003 V/V. The results are given in Fig. 14(e), which
shows that v., Ves1, Ves2, and v.s3 can work stably and the
RMS value of v, is well regulated at 30 V.

Corresponding to the results and setting given in Fig. 14(d)
and Fig. 14(e), the frequency of the grid due to voltage
instability can be seen in Fig. 15. Apparently, without the
proposed tuning method, the frequency varies out of the
desired value. However, with the proposed tuning method, the
frequency is kept steady at 50 Hz.

VI. CONCLUSIONS

The use of electric springs (ES) in large quantity over
the power grid, even if every single ES set implemented is
designed to be stable, can still suffer from stability issue if
specified design are not carried out. This is due to the natural
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Fig. 14. Waveforms of the common coupling point voltage v., voltage of
ES1, voltage of ES2, and voltage of ES3 for various settings of the ES.
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phenomenon that multiple stable systems when combined into
a new system may still be unstable. Therefore, the stability

analysis and design of the ES for power grid implementation
are investigated in this paper. A method for tuning K, and
K; of the PI controllers of the ES, which will ensure overall
system stability in a weak grid comprising a plurality of
ES, is devised. With the validation of both simulation and
experimental results, the fact that more stringent tuning of
K, and K; of the ES is required as more ES are installed
in the weak grid is uncovered. Moreover, a hypothesis that
the number of ES that can be installed in the weak grid is
maximized as K, and K; are tuned to approach the optimal
values can be proposed. Besides, frequency variation of the
generator, which is induced by the parallel connection of the
multiple ES, can also be eliminated by the proposed tuning
method.
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