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Abstract: With the increasing penetration rate of grid-connected renewable energy gen-
eration, the problem of grid voltage excursion becomes an important issue that needs to
be solved urgently. As a new type of voltage regulation control method, electric spring
(ES) can alleviate the fluctuations of renewable energy output effectively. In this paper, the
background and basic principle of the electric spring are introduced firstly. Then, consid-
ering the influence of an electric spring on noncritical load voltage, noncritical loads are
classified reasonably, and based on the electric spring phasor diagram, the control method
to meet the noncritical load voltage constraint is proposed. This control method can meet
the requirements of voltage excursions of different kinds of noncritical load, increase the
connection capacity of the noncritical load and improve the voltage stabilization capacity
of the electric spring. Finally, through the simulation case, the feasibility and validity of
electric spring theory and the proposed control method are verified.

Key words: Electric spring, noncritical load, voltage excursion, reactive power compensa-
tion

1. Introduction

As the global energy crisis and environmental pollution is worsening, exploitation and utiliza-
tion of renewable energy has become an effective way to solve the crisis [1, 2]. However, wind,
solar and other renewable energy sources have strong intermittence and randomness, and its
power generation efficiency changes with time and weather, which will lead to voltage excursions
on the electrical load side. As a result, the electrical equipment may not run normally or even be
damaged. If some of the critical loads (such as level 1 load) fail, that will lead to serious economic
losses and casualties [3, 4].

At present, reactive power compensation technology is widely used for voltage stabilization
control. However, this method is centralized compensation, and lacks of flexibility and reliability
[5]. And a large number of reactive power output may also lead to line loss increasing. As another
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voltage stabilization method for stabilizing renewable power generation and reducing difference
between electrical generation and consumption, energy storage devices regain people’s attention
globally. But this approach will lead to a substantial increase in costs and potential environmental
pollution [6, 7].

In 2012, electric spring (ES) technology is proposed, which provides a new method for voltage
stabilization of the power grid [8]. The basic principle is similar to the shock absorber. When
the grid voltage fluctuates, the ES can ensure that the voltage of the critical load remains stable,
and the voltage excursion is transferred to the noncritical load, which can achieve the purpose
of stabilizing the grid voltage. The ES is a new voltage regulation control idea. But the study of
the ES is still in its infancy. Literature [9] introduces the application of the ES in reducing the
installation capacity of energy storage and improving the service life of energy storage equipment.
Based on the circuit principle of the ES, literature [10] establishes the dynamic simulation model
of the ES. In literature [11], the application of Droop control in multi-ES control in a single power
supply line is analyzed. Based on PR control, literature [12] proposed an improved ES control
method which can reduce the harmonic caused by the ES. However, the above control methods
mainly consider the voltage stability of the critical load, and the excessive voltage excursion
will happen to the noncritical load easily. So malfunction or even damage of the noncritical
load can be caused. In practical applications, most of the loads have requirements on operating
voltage, but the voltage quality requirements of different loads are different. If the noncritical
load voltage constraint is ignored, more electrical equipment cannot be allowed to participate in
voltage stabilization.

In view of the problems above, combining with the ES’s working phasor diagram, an improved
ES control method is proposed, which takes the voltage constraint of noncritical load into account.
Also, the classification of different noncritical loads is used to ensure the reliable operation of some
noncritical load and the improvement of voltage regulation control of the ES at the same time.
In this paper, the basic principle of an electric spring is introduced firstly. Then, the noncritical
load is classified according to the voltage excursion range. For a load that allows a small range
of voltage variations, an ES control method considering the noncritical voltage constraint is
proposed by studying the working phasor diagram of the ES under different types of noncritical
load and analyzing the voltage relationship between the ES and noncritical load, thus improving
the voltage regulation control performance of the ES. Finally, the feasibility and validity of the
method are verified by a simulation case, which lays the foundation for the popularization and
application of the ES.

2. The working principle of ES

Fig. 1(a) shows the basic circuit diagram of a single ES. From Fig. 1(a), it can be seen that the
ES consists of two parts (dashed frame part): a single-phase voltage source PWM inverter and
LC low-pass filter [13]. V¢ is the voltage across the ES, and I, is the current flowing through the
ES. When the current I, is 90 degrees ahead of the voltage Ve, the ES works in the capacitive
mode and provides voltage boosting. When the current I, 90 degrees lags behind voltage V., the
ES works in the inductive mode and provides voltage reduction. Therefore, the ES can achieve
capacitive reactive power and inductive reactive power injection [14]. What needs to be explained
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here is that, there is no assumption on Vg and it should be sinusoidal, the LC filter is used to
eliminate higher harmonic, and the relationship between Vs and Vi is “Veg + Ve = V7.

From Fig. 1(b), we can see that, the ES forms a smart load in series with the noncritical
load, and the noncritical load consists of a single load or multiple loads [15]. These noncritical
loads must be able to withstand large voltage fluctuations and still maintain normal operation.
The traditional ES control ignores the working condition of a noncritical load, making a high
requirement for the selection of noncritical loads, which leads to most of the electrical loads being
unable to be used as noncritical loads to form smart loads with the ES. Hence, the next study is
how to meet the voltage constraints of a noncritical load.
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Fig. 1. Schematic diagram of a typical ES: the basic circuit of ES (a); ES and load (b)

3. The ES control considering voltage constraints of noncritical load

3.1. The classification of noncritical load

Due to the high volatility and unpredictability of renewable energy, the high proportion of
noncritical (NC) loads (such as: noncritical load: critical load = 9:1) is essential to insure the
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voltage stabilization ability of an ES [10]. But most of the loads cannot be used as noncritical
loads due to their own operating voltage limitations. In order to allow more electrical loads to be
used as noncritical loads series with the ES, the noncritical load is divided into two categories:
class A noncritical load and class B noncritical load. The class A noncritical load is the load
which can withstand a certain range of voltage fluctuations, for example, the allowable range
of voltage excursion is a%. The class B noncritical load is the load that allows the voltage to
fluctuate greatly, which does not have significant damage on itself. Different categories of the
noncritical load are installed in series with different ESs. The allowable excursion range of the
class A noncritical load can be set according to the actual installation environment. Thus, the
improving capacity of the noncritical load and normal operation of the class A noncritical load
can be realized at the same time.

In the following section, the relationship between the ES voltage Vs and the noncritical load
voltage V, is analyzed from the perspective of the ES working phasor diagram for two kinds of
noncritical load: resistive load and resistive-inductive load. Thus, the voltage excursion constraints
of the class A noncritical load can be achieved.

3.2. Resistive load

When the noncritical load is the resistive load, the phasor diagrams of the ES in capacitive
mode and inductive mode are shown in Fig. 2.

I, vV,
Ves
k-, VS
Vs
Ves . .
Io Vo .........
(@ (b)

Fig. 2. ES working phasor diagrams when the noncritical load is resistance:
inductive mode (a); capacitive mode (b)

From the phasor diagrams of Fig. 2, it can be seen that when the noncritical load is resistive,
Vo < Vg, and both in the inductive mode and capacitive mode, Vs and V,, satisfy the same
relation, which is shown as:
2 _ 12 2
Vo=Vt Vs (1)

Solving Equation (1), we can get that (taking positive root):

Vo = \/ Vs2 - Vezs 2
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According to Equation (2), the relationship between V,, and Vs is shown in Fig. 3 (when
Vs = 220). It can be seen from Fig. 3 that, when the noncritical load is resistance, V,, deceases
monotonically with the increase of V,y. Therefore, when the noncritical load rated voltage is Vicn,
the allowable excursion range is a%, which is to say the non-critical load voltage lower limit is
(1 — a%) Vpen, the maximum value of Vg is:

Vesman = V2 = [(1 = a%) V] 3

250 - m|

150 - T T
— resistive load ™
— resistor-inductance load (inductive mode)
100 resistor-inductance load (capacitive mode), N
1 I I I 1 I
0 20 40 60 80 100 120 140

Ve/V

Fig. 3. The relationship between Vs and V,, under different type of noncritical load

3.3. Resistive-inductive load

When the noncritical load is the resistive-inductive load, the inductive mode and capacitive
mode are analyzed separately.

(1) Inductive mode

When the ES is in the inductive mode, its working phasor diagram is shown in Fig. 4.

y

[

Fig. 4. ES working phasor diagrams when the noncritical
load is resistive-inductive (inductive mode)
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From the phasor diagram of Fig. 4, it can be seen that V, < V;, and the relationship between
Ves and V, is shown in Equation (4).

(Vo sin@ + Veg)? + (Vo cos @) = V2. 4)

By solving Equation (4), we can get this (taking positive root):

Vo = ~Vies sin g + A[VZ = (Ves cos ¢)2 . )

According to Equation (5), the relationship between V,, and V. is shown in Fig. 3 (V; = 220V,
cos ¢ = 0.9). From Fig. 3, it can be found that V,, decreases monotonically with the increase of
Ves. Therefore, when the noncritical load rated voltage is Vjcn and the allowable excursion range
is a%, the noncritical load voltage lower limit is (1 — a%)Vjen. The maximum value of Vg is:

Vesmax = —(1 = a%) Vien sin ¢ + \/VS2 — [(1 = a%) Vyen cos @] . (6)

(2) Capacitive mode
When the ES is in the capacitive mode, its working phasor diagram is shown in Fig. 5.

Vs

go[E -

-

Fig. 5. ES working phasor diagrams when the noncritical
load is resistive-inductive (capacitive mode)

From the phasor diagram of Fig. 5, it can be seen that V,, > V;, and the relationship between
Ves and V,, is shown in Equation (7).
(Vosing — Veg)? + (Vocos )? = V2. (N

By solving Equation (7), we can get this:

Vo = Ve sin @ + V2 = (Ves cos )2, 8)

where only positive root is selected, as negative V; is not conforming to reality in the application.
According to (8), the relationship between V,, and Vs is shown in Fig. 3 (when V; = 220V,
cos ¢ = 0.9). From Fig. 3, it can be found that V;, does not monotonically change with V. It has
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maximum value. Therefore, we take the derivative of (8), and the result is shown as follows:

Vs 2
V) =sing — es(Cos ¢) : ©))
V Vs2 — (Ve cos <P)2
Let V, = 0, we can get that Vs = V; tan ¢, then the corresponding V,, maximum is:
V.
Vomax = - . (10)
cos ¢

When the noncritical load rated voltage is VN, the allowable excursion range is a%, that is,
the noncritical load voltage upper limit is (1 + a%)Vyen. The maximum value of Ve is:

(1+a%) Ven sin ¢ — \/VSZ — [(1+a%) Vyen €08 12 (1+a%) Viaen < Vi max an

Vesmax =
no limit (1+a%)VaeN > Vo max

According to [10], the function relationship between the output voltage Vs of the ES and the
DC side voltage Vy is shown as follows:

Veslt) =~ m(o), (12)

where m(t) = M sin(2n50t + 0) is the modulation index, and M € [0, 1]. Assuming that the DC
side voltage maintains the reference value Vg._r without change, the theoretical maximum output
of ES RMS voltage is:
Vie-
Ves max = ;C_\/;f . (13)
In the synthesis of (3), (6), (11) and (13), we can get the relationship between voltage excursion

range a% and the DC side reference voltage Vy..rf under different types of noncritical load:

2V2 x V2 = [(1 = a%) Vaen]
resistance (inductive and capacitive mode)

22 x {—(1 — a%) Vyen sin @ + \/Vs2 = [(1 = a%) Vien cos <p]2}

resistive-inductive (inductive mode)

Vicret = ( 14)

2V2 x {(1 + a%) Vpen sin ¢ — \/VS2 — [(1 + a%) Vyen cos ga]z}
resistive-inductive (capacitive mode): (1 + a%)Vien < Vomax

no limit
resistive-inductive (capacitive mode): (1 + a%)Vien > Vomax

It can be seen from Equation (14) that: by changing the voltage reference value of the ES
DC side (Vycref), the adjustment of the output voltage range of the ES can be realized, and it can
meet the constraint of the class A noncritical load on voltage excursion. Therefore, considering
the noncritical load voltage constraint, the improved ES control structure is shown in Fig. 6.
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Fig. 6. A schematic diagram of ES control structure considering noncritical load voltage constraint

4. Case simulation and analysis

In this paper, a test model based on MATLAB/Simulink simulation software is built to verify
the ES voltage control method, considering the noncritical load voltage constraint. The parameters
of the main components are shown in Table 1 and Table 2 [10]. There are 3 kinds of loads: a, b and
¢ with different voltage constraints, where load a Z, = 20 Q, which represents the key electrical
equipment, allowing for the voltage excursion amplitude up to 1%;load b Z, = 4.5+j2.2 Q, whose
allowable voltage excursion is 7%; load ¢ Z, = 9 + j4.4 Q, which allows a wide range of voltage
excursions (without voltage limitation) and does not cause damage to itself. The load rated voltage

Table 1. Power source, line and load simulation parameters

Capacity (kVA) 100
Short circuit capacity (kVA) 36
Power source Transmission impedance ratio (X/R) 10/8
Voltage level (V) 220
Line impedance Inductance L (mH/km) 1.24
Resistance R (Q/km) 0.11
Table 2. ES simulation parameters
Low-pass filter Inductance (mH) 5
Capacitance (uF) 13.2
Signal mode Concrete
Sampling time 7 (ms) 20
PI controller Proportional coefficient K} 10
Integral coefficient Kj 100
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of the above three kinds of load are 220 V. In the following, four different load configuration
schemes will be analyzed. What needs to be explained here is that, the parameters of model
are cited from the laboratory test model in [16], which is applied to conduct the simulation in
this paper.

Scheme 1: The ES is not connected to the system.

When the ES does not have access to the system, the loads a, b and c are connected to the
system in parallel, which is shown in Fig. 7.

Power source

I

| I

| |

I I Renewable a b f

: @ i energy suurcc@ g [] ? [] g [J
|

| |

Fig. 7. System diagram of scheme 1

Because the system voltage is mainly affected by the reactive power fluctuation, the simulation
of this paper mainly considers the influence of the reactive power fluctuation of the renewable
energy on the system voltage. The curve of the reactive power that is absorbed in by the renewable
energy source is shown in Fig. 8. When the ES does not have access to the system, the waveform
of the system voltage V; is shown in Fig. 9. At about 5 s, the reactive power absorbed by renewable
energy source reaches at the maximum value, and therefore the system voltage V; drops to the
minimum.
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Fig. 8. The reactive power curve of renewable energy source

It can be seen from Fig. 9 that when the ES is not connected, the system voltage V; continuously
changes with the reactive power fluctuation of the renewable energy source, and its maximum



N

www.czasopisma.pan.pl ?ﬂ www journals.pan.pl

718 Y. Chen, G. Ma, G. Xu, H. Zhang, R. Ju Arch. Elect. Eng.

2 4 1] 8 10 12 14 16 18 20
Time's

Fig. 9. The system voltage Vs of scheme 1

deviation is up to 9 V (—4.1%, t = 4.6 s), unable to meet the need for the normal work of load a,
and may even cause damage to load a. Therefore, Scheme 1 fails to meet the needs of the user.

Scheme 2: The ES is connected to the system. Set load a, b as critical loads, and load c as
a noncritical load.

The corresponding system diagram of scheme 2 is shown in Fig. 10, where the ES uses the
conventional control method, regardless of the voltage constraint of the noncritical load in series,
Vigeret = 400 V. The conventional control method was introduced in [10], in which the noncritical
load voltage constraint is not considered. The ES starts to run at + = 0 s. The changes of the
reactive power of the renewable energy source are the same as that of scheme 1, which has been
shown in Fig. 8, then the system simulation waveform is as Fig. 11 shows.

Power source

1km 1km I

|

| I

| | }

I ! Renewable

| @ I erlergy source @ - - Z []
| |

| |

| |

Fig. 10. System diagram of scheme 2

It can be seen from Fig. 11(a) and (b) that when the noncritical load only contains load c, after
t = 8 s, the adjustment capacity of the ES reaches the upper limit and loses its adjustment ability.
The system voltage still changes with the reactive power of the renewable energy source. The
maximum deviation of the system voltage Vs is 3.4 V (+1.54%, t = 10.2 s). Therefore, the normal
operation of the important load a, cannot be guaranteed. At the same time, it can be seen from
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Fig. 11. System simulation waveform of scheme 2: system voltage Vs (a); reactive power of ES Qes (b);
noncritical load voltage Vi (c)

the noncritical load voltage V,. waveform that the noncritical load voltage has a large excursion
with a maximum value of 245.3 V (+11.5%) and a lowest value of 118.2 V (—46.27%). So, this
scheme also cannot meet the needs of the user.
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Scheme 3: The ES is connected to the system. Set load a as a critical load, load b and c as
noncritical loads.

The corresponding system diagram of scheme 3 has been shown in Fig. 12, where the ES
uses the conventional control method, regardless of the voltage constraint of the noncritical load
in series, Vycref = 400 V. The ES starts to run at t = 0 s, the changes of the reactive power of the
renewable energy source are the same as that of scheme 1, which has been shown in Fig. 8. Then,
the system simulation waveform is shown in Fig. 13.
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Fig. 12. System diagram of scheme 3
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Fig. 13. System simulation waveform of scheme 3: system voltage Vs (a); noncritical load voltage Vi (b)
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As can be seen from Fig. 13(a), when loads b and c are connected in series with the ES
as noncritical loads, the adjustment capability of the ES is significantly improved compared
with the scheme 2. The maximum deviation of the system voltage Vy is only 0.3 V (+0.14%),
which ensures the reliable operation of critical load a. However, as shown in Fig. 13(b), the
maximum value of the noncritical load voltage is 240.9 V (+9.5%) and the minimum value
is 203.8 V (=7.4%), which cannot satisfy the requirement of the voltage excursion of load b
(allowable voltage excursion range is 7%). As a result, load b cannot work properly while
becoming noncritical load, and may reduce the service life of load b. So this scheme cannot meet
the needs of the user.

Scheme 4: The ES is connected to the system. Set load a as a critical load, load b as the
class A noncritical load, and load c as the class B noncritical load.

The corresponding system diagram of scheme 4 is shown in Fig. 14. ES2, which is in series
with the class B noncritical load, is a conventional ES (Vg = 400 V). As the allowable excursion
range of load b is a% = 7%, the corresponding Vesmax is 43.3 V and 31.2 V respectively, which
can be calculated by (6) and (11). So to ensure that the voltage excursion range of V;,¢1 is no more
than 7%, Vesmax takes the smaller value, that is, Vegmax = 31.2 V. Thus, the reference voltage at
DC side of ES1 is 88.25 V which can be calculated by (13). ES1 and ES2 start at = O s at the
same time, the changes of the reactive power of the renewable energy resource are the same as
that of scheme 1, which has been shown in Fig. 8. The simulation waveform of the system is
shown in Fig. 15.

Power source
1km 1km %
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| |

| |
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| @ I energ}-’somcc@ Ze
| |

| |

| |

Fig. 14. Sstem diagram of scheme 4

As can be seen from Fig. 15(a), when the noncritical load is in series with the ES after being
classified, the stability of the system voltage V; can be effectively ensured (the maximum deviation
of V; is 0.18%) and the load a can work reliably. It can be seen from Fig. 15(b) that the maximum
voltage excursion of the class A noncritical loads is 234.8 V and the minimum value is 209.3 V,
the excursion ranges are +6.7% and —4.9% respectively, which can meet the requirement that the
voltage excursion of load b is no more than 7%. Thus, load b can work normally. This scheme
verifies the feasibility and effectiveness of the ES voltage stable control method proposed in this
paper considering noncritical load voltage constraint.

Comparing scheme 4 with schemes 1-3, it can be found that scheme 4 can guarantee the
stability and reliability of system voltage V;, and meets the requirements of operating voltage
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Fig. 15. System simulation waveform of scheme 4: system voltage Vs (a); class A noncritical

load voltage V;,c1 (b); class B noncritical load voltage V;¢» (¢)

excursion of load b. Therefore, more kinds of loads can be used as the class A noncritical load
to be connected to the system without affecting its normal operation, which helps to improve the

ES voltage stable control ability.
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5. Conclusion

This paper fully considers the operating voltage requirement of the noncritical load. Firstly,
we classify the noncritical load, and comprehensively analyze the working phasor diagram of
the ES under different types of loads (resistive load, resistive-inductive load). Then, we propose
the ES control method considering the noncritical load voltage constraints, which can realize the
limitation of voltage excursion of the class A noncritical load and meet the preset voltage range
of the class A noncritical load. As a result, the access types of noncritical load can be increased
and the voltage stable control ability of the ES can be improved effectively.

It can be seen from the simulation results that:

(1) The proposed ES control method considering noncritical load constraint can effectively
ensure that the voltage of the class A noncritical load meets the requirements of normal operation.
(2) By classifying noncritical loads, the types of load connected to the system can be effectively
increased. So, more types of loads can participate in the voltage stable control of the ES as
noncritical loads to improve the performance. (3) Reasonable ES access can effectively ensure the
stability and reliability of the system voltage. However, since the majority of loads are resistive
or resistive-inductive loads, this paper does not consider resistive-capacitive load. Also, the
simulation environment is relatively simple and lack of practical experiments. In the future, more
examples should be conduct to verify the proposed method further, and the realistic experiment
model should be established to conduct the verification.
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