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ABSTRACT Electric spring (ES) as a new effective way to solve the power quality issues caused by the
uncertainty of wind and photovoltaic (PV) power, has the advantages of small volume, flexible configuration
and low cost. Aiming at improving the dynamic responses of the existing power control for ES-2, a new
control with in-depth analysis on the decoupling of the active and reactive powers is proposed in this
paper. By introducing second order generalized integrator phase locked loop (SOGI-PLL) and fictitious-
axis emulator (FAE) into the control algorithm, the virtual orthogonal voltage and current signals were
constructed and the mathematic model of ES-2 in the dgq axis synchronous rotating reference frame was
established. Then, the control system consisting of three closed loops, namely active power loop, current loop
and ES voltage loop, is arranged. Among the three loops, a damped proportional resonance (PR) controller
is adopted in the ES voltage loop to ensure the accurate control of the output voltage of ES-2. Instead,
traditional PI controllers are used for the current and power loops. Finally, the effectiveness of the proposed
decoupled power control is validated by both simulation and experimental results.

INDEX TERMS Electric spring, distributed generation, energy storage, microgrid, renewable energy source.

I. INTRODUCTION

As the energy crisis and environmental deterioration in the
world are becoming more and more prominent, it is urgent to
find new energy to replace the traditional fossil energy. Solar
and wind energy, as new and clean renewable energy sources,
have been widely used. However, the output power of solar
and wind energy is intermittent and unstable, which makes
it difficult to predict the power generation. When such new
energy is incorporated into the power grid, the uncertainty
of output power will affect the power quality and stability of
the system which may lead to fault operation of the power
system [1].

In order to alleviate such problems, many solutions have
been put forward. Currently, the mainstream solutions include
reactive power compensation [2], energy storage device [3],
direct load control [4] and price incentive [5]. However, these
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solutions have some limitations. For instance, the equip-
ment for reactive power compensation typically utilizes cen-
tralized control so that it may not adapt to the distributed
development trend of future power grid. By now, energy
storage devices still cost too much, which precludes their
massive usage. Direct load control and price incentive use
hysteretic control mode, which is not a good choice for
localization.

A new compelling way to solve the power quality issues
caused by the uncertainty of photovoltaic (PV) and wind
power is represented by ES [6]. It creatively applies the
concept of mechanical spring to the power system. The basic
idea is to classify the loads of a power system into two
categories, one is the critical load (CL) that requires higher
power quality, such as information center and hospital, the
other one is the non-critical load (NCL) that tolerates a certain
degree of voltage variation, such as water heater and lighting.
By adjusting the magnitude and phase of the output voltage of
ES, the active and reactive power absorbed by the ES system
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is controlled. Specifically, the active power consumed by the
NCL is modified while keeping the active power consumed
by the CL unaltered in order to improve the power quality for
it.

The ES topology has developed for three generations,
namely ES-1 [6], ES-2 [7], [8] and ES-3 [9]. In particular,
ES-2 replaces the capacitor in the DC side of ES-1 with a
voltage source and/or a battery pack, giving ES the capabil-
ity of regulating both active and reactive power. Compared
with the previous two generations, the NCL in ES-3 is not
seen visually. The research on ESs is mainly focused on
modelling of their dynamics [10], analysis of their applica-
tion [11], and development of an effective control strategy
for them [12]-[16]. In [7], a general study was conducted
on the control of ES with active and reactive power com-
pensations at steady state. In [10], the dynamic modelling
of ES-1 was formulated, considering only the reactive power
compensation. In [11], it is proved that ES can reduce the
capacity of energy storage devices in future distributed grid.
In [12], Wang et al. proposed the so-called § control strategy
for ES with a proportional resonant (PR) controller for the
outer voltage loop and a proportional (P) controller for the
inner current loop. In [13], the radial-chordal decomposition
(RCD) control was devised, with the radial and chordal com-
ponents of ES voltage controlling the power angle and voltage
amplitude of smart load (SL) respectively. In [14], an input
current control scheme is designed for ES focusing on power
factor correction. However, it is hard to set the reference of
the outer voltage loop. In [15], the collaborative control when
power grid with multiple ESs embedded was analyzed. But
it’s not related to power decoupling. In [16], multifunctional
DC electric springs for improving voltage quality of DC grids
was discussed.

Space vector control is an effective method for the anal-
ysis and design of the active and reactive power decou-
pling techniques in three-phase grid-tie-inverters. Recently,
this method has been extended to single-phase systems [17].
Since only one control variable is available in a single-phase
system, a fictitious variable is needed to complete the
space vector-based control schemes. To solve this issue,
a variety of virtual signal generation algorithms have been
proposed [18]-[20]. Unfortunately, these algorithms will
introduce additional time delay, which may result in a slower
or even oscillatory dynamic response of the control systems.
In [21], a fictitious-axis emulator was introduced to prevent
the inconvenience above. However, a detailed analysis of how
to apply such an algorithm to the power control of ES-2 is still
not reported.

Further to the previous discussion, a control strategy set-
ting active power and CL voltage as control objectives is
needed for an intensive usage of ES-2 in applications such as
households microgrids. Although a simple active and reactive
power control was proposed in [22], it is still not satisfactory;
for instance, it lacks of a system modelling suitable for the
assessment of control parameters. What’s more, it is not a
complete decoupled power control.
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FIGURE 1. Typical application diagram of single-phase ES-2.

Aiming at achieving a decoupled power control with
in-depth analysis for ES-2 used in households applications,
this paper improves dynamic responses significantly com-
pared with the existing control proposed in [22] by adding an
inner current loop and a decoupling network, in which second
order generalized integrator (SOGI) algorithm and fictitious-
axis emulator (FAE) were introduced to construct the vir-
tual orthogonal voltage and current signals. Besides, space
vector method is utilized for the voltage control of the
point of common coupling (PCC), selected as the reference
vector.

In detail, this paper is organized as follows. Section II
reviews the operating principle of ES-2. Section Il introduces
the novel decoupled power control and explains how it works.
Section IV shows the control structure and parameters tuning.
Section V presents simulations as well as experiments carried
out on an ES-2 operated with the proposed control and dis-
cusses the results. At last, Section VI concludes the paper.

Il. OPERATING PRINCIPLE OF ES-2

A. ES-2 TOPOLOGY

A typical application diagram of ES-2 is shown in Fig. 1.
ES-2 is within the dashed line and contains a bidirectional
voltage-source direct-current (DC) power supply, designated
as Vg, a single-phase PWM voltage inverter and an LC
low-pass filter, represented by the couple Ly and Cy. The
fundamental component of the output voltage of the inverter
is designated as v; and its amplitude is instantaneously pro-
portional to V. as well as to the sinusoidal modulating signal
of the PWM inverter.

Such a signal is used to generate the proper gating com-
mands for the switches of the inverter and controls magni-
tude, frequency and phase of v; directly. The LC low-pass
filter mitigates the high-frequency harmonics at the inverter
output voltage. In Fig. 1, R; and L; denote the impedance
of transmission line, Z, and Z3 represent the CL and NCL,
v is the grid voltage, vs is the PCC voltage, i is the grid
current injected into PCC, iy, is current through Ly, i3 is the
NCL current, and vgg is the output voltage of ES-2.
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FIGURE 2. The simplified model of ES-2.

B. THE MATHEMATICAL MODEL OF ES-2

Although CL and NCL can be resistive, capacitive or induc-
tive loads, for convenience, CL and NCL are all assumed to
be pure resistive in this paper. The state space equations of
ES-2 are given as follows.

X =Ax + Bu
{ (D
y=Cx
l, .
Where’x = | VES |, U= [ VG} Y = [Vs]s
iG !
B 1
0 - 0
Ly
A= 1 1 Ry
Cr Cr(Ry + R3) Cr(Ry + R3)
_ R _R1R2 + R1R3 + RyR3
L Li(Ry + R3) Li(Ry +R3)
r 1
O
! R RoR
B = 0o o0 |, andC=|: 2 23i|.
1 Ry +R3 Ry +Rj3
— 0
L Ly

A simple model of ES-2, derived from the above equations,
is shown in Fig. 2. The voltage inverter output v; is denoted
with d(t)V,., where d(t) is the modulation signal, under the
usual assumptions that i) the inverter switching frequency is
much higher than the fundamental frequency, ii) the dynamics
of the inverter are negligible, and iii) the LC low-pass filter
makes substantially sinusoidal the quantities in the down-
stream circuit. It is also assumed that the amplitude of the
DC voltage source is constant.

llIl. THE PRINCIPLE OF POWER DECOUPLING CONTROL
A. BASIC THEORY OF POWER CONTROL ON ES-2

DQ rotating frame transformation is commonly used in three-
phase system. After the mathematic model of a single-phase
ES-2 system is established in a synchronously rotating dg
frame, sinusoidal variables of the system can be transformed
into DC forms at steady-state. Therefore, even the inverter
can be regarded as a special kind of DC converter, thus sim-
plifying the study of the system. In order to implement such
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transformation, two orthogonal components are required.
However, single-phase systems differ from three-phase sys-
tems in the fact that they have only one component. There-
fore, an extra or virtual orthogonal component is needed to
represent the single-phase systems in any coordinate system,
whether static or rotating.

For a proper operability of the transformation, the virtual
component is set orthogonal to the actual one, i.e. with a
phase shift of —90° and with the same magnitude. The exist-
ing methods to generate the orthogonal component include
the delay 1/4T, the differential method, the SOGI algorithm
and so on. In this paper, the SOGI algorithm is adopted in
PLL to generate orthogonal voltage signal and acquire phase
information of the PCC; FAE is used to construct orthogonal
current signal of the ES. For the control of ES, we can
assume that i) considering only the fundamental component
of the quantities. ii) all the quantities of ES are represented
by sinusoidal quantities in slow dynamics or steady state.
When the PCC voltage phasor Vs is chosen as the reference
vector, the arbitrary sinusoidal voltage and current of PCC are
expressed as

vs(1) = 2V cos(wr) )
ig(t) = V2Ig cos(wt + ¢) 3)

Meanwhile, the phasor Vs and I are:

Vs = ‘/SZO = Vs (4)
I = Ig/¢ = Ig(cos ¢ + jsin @) 5)

In af stationary frame, the voltage vector vgg and current
VECtor iGep can be expressed as:

| vsa | cos(wt)
Vsap = |:Vs;3 ] =V |: sin(wt) i| (6)
. i | _ cos(wt + @)
'Gap = |:l'(;,3:| =1 |:sin(a)t +¢)} M

A transformation matrix 7 that converts a o stationary
frame vector to a dg rotating frame vector can be written as

| cos(wt) sin(wt)

- |: — sin(wt) cos(a)t):| ®)
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The voltage vector vgqq and current vector iGgq On rotating
frame are shown in (9) and (10).

wa=)=rln]=vl] e
][] -]
Thus, the phasor forms of Vi and I are expressed as
Vs =Vil0 =V =vgy +jvgg (11D
I = IgL$ = Ig(cos ¢ + jsing) = iGq + jicg (12)
The active power (P) and reactive power (Q) are

P =Re(VJI§) =Re ({vsa +jvsq} - {ica +Jice})

= VsdiGd + VsqiGq = Vsaica = Vslg cos ¢ (13)
Q = Im (VIg) =Im ({ve +jvsg} - {ica +Jic,})
= Vs,iGd — V$diG, = —VsdiGqg = Vslgsin¢ (14)

Here, ig4 represents the active current component, and ig,
represents the reactive current component. The PI controllers
can be used to control ig4 and ig, respectively.

B. DQ ROTATING FRAME MODEL OF ES-2

By introducing orthogonal signal generating algorithm to
construct corresponding virtual voltage and current signals,
the ES-2 application system can be established on a off
stationary frame. The equations were given in (15)-(17).

d[li 1 1
a l.Loz - VESa + — da Ve (15)
dr | irg Ly | VESB L | dp
i VESa | _ L Lo B 1 VESa
dr | VEsp Cr Lirp Cr (Ry +R3) | VESB
e

+——&——['} (16)
Cr (Ry +R3) | icp

i iGa | _ Ry VESa
dtr | icp Li(Ry + R3) | VESg

_RiRy + RiR3 + RyR3 [iGa ]

Li(R2 + R3) iGg

1 [ ve
+— 17
Ly [VGﬁ (a7
Once the off stationary frame model of the system is
established, the mathematical model in dqg rotating coordinate

system can be obtained. The transformation matrix 7 is mul-
tiplied with the expression respectively.

dlig] [0 o|[iza] 1 [vesa|, ! [da
S| = Ld | _ +— Vae

dr lig] | —@ O])lirg] Ly |VESq] Lr[dg
(18)

dlvesa] _[ 0 o][vesa L | 1
dt | VEsq | o | —w 0_ | VESq Cr iLg Cr(R2 + R3)

: R .
« [VESd n 2 |:l.Gdi| (19)
VESg |  Cr(Ro + R3) | 1Gq
d |:iGd_ [0 o] |:iGd:| R |:VESd:|
dt licg| |- 0 ]| ice Li (Ry + R3) [ VESq
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_RiR2 + RiR3 + RoR3 [iGd} 1 I:dej|
Ly (Ry+ R3) iGg | L1 | VGq
(20)

It is shown in (20) that there is a coupling relationship
between igy and ig,. As aresult, the feedforward decoupling
process can be introduced to realize the current decoupling,
which can be seen from the last items in (21) and (22).

VESd = — (Kp + ?l) (i — iGa)
R R R R
2 iy + 2, @)
2
Ki\ /. .
VEsg = — | Kp + S (’Gq - ’Gq)
Ry + R3 . Ry + R3
————wlLsigq + % VGq (22)

It should be remarked that (21) and (22) are related to ES
voltage instead of the output of the inverter. Among them,
ica* and ig,* are the given values of d axis current iggz and
g axis current iG,, K, is the proportional gain of PI controller
and K; is the integral term gain.

Substituting (21) and (22) into (20) yields

d i RiR RiR ROR K!
dt | icq (R2 + R3) P

iGd K\ T
y [ ]—Ir(l(;—i——’)[-fd] 23)
i, K le

The feedforward decoupling algorithm is revealed by (23)
based on (21) and (22), which realizes the decoupling control
of the current inner loop.

IV. THE CONTROL STRUCTURE AND PARAMETERS
TUNING OF POWER DECOUPLING CONTROL

A. CONTROLLER STRUCTURE OF ES VOLTAGE

According to the above analysis, when PCC voltage is used
as reference vector, the power injected at PCC point will be
directly related to iGg and ig4. In order to achieve precise
control of injected active power and reactive power, a power
outer loop can be built outside the current loop. However,
it must be pointed out that the above decoupling method
is based on the output voltage of ES-2 designated as vgg
instead of the output of the inverter designated as v; which is
actually controlled by PWM. Therefore, an additional inner
controller must be added to control the output voltage of ES-2
be consistent with the output of the current controller.

A simple model of ES-2 has been shown in Fig. 2. How-
ever, it is not the best model for analysis and design the
ves controller, because of the existence of coupling term
R>/(Ry + R3) between vgs and ig. According to the classical
control theory, branch point can be relocated from ig to
vgs, which is shown in Fig. 3(a). Furthermore, Gi(s) can
be regarded as a negative feedback term. They can be put
together, shown in Fig. 3(b).
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2
Gi(s) = e (24)
((Ry +sL1) (R2 + R3) + RoR3) (R2 + R3)

(R1+sL1) (R2+R3)+RyR3

Ga(s) =
25 sCf ((Ri+sL1) (R2+R3)+R2R3)+Ry +sL1 +R»
T sCfZy+ 1
R L1)(R R R>R
ZOZ(1+S1)(2+ 3) + RoR3 25)

(R +sL1) + Ra

Now, the system can be seen as two independent subsystem
series with each other. The effectiveness of the disturbance of
the vg on vgg can be equivalent to a current disturbance ig;s.

Active damping was commonly used to damp transient
oscillations on the output LC filter. A virtual resistor is used to
simulate the roles of a resistor in the output LC filters. Due to
the virtual resistor, the oscillation can be damped effectively
without sacrificing the power efficiency. Here, the feedback
of capacitor’s current [23] was adopted. The effectiveness
of coefficient was shown in Fig. 4. With the increasing of
the coefficient, the better behavior it is. In order to achieve
almost zero error at steady state in sinusoidal tracking and dis-
turbance rejection, an approximating non-ideal proportional
resonant (PR) controller is adopted.

The expression of the non-ideal PR controller is given as
follows.

2K;wes

Gei(s) = Kp + ————12¢%
c1(s) p 1 205 + 0

(26)
where, K, and K; are gain constants, wg is grid frequency
(314 rad/s) and w, is cut-off frequency.

The control structure of vgg is shown in Fig. 5(a), where
Gci1(s) is the controller; the red dashed box is the active
damping term; H; is feedback coefficient of the capacitor’s
current; Kpy,, is the gain of the inverter. Furthermore, the
feedback of the vgs can be relocated in the disturbance point.
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It must be pointed out that the sampling time and cal-
culating time (about 1.5Tg delay) was ignored because of
the enough high sampling frequency. The final structure of
control loop is shown in Fig. 5(b), where

sZoLs
Ly CyZos® + s (Ly + sZoH) Cr Kpwm) + Zo

The effectiveness of K, K; and w. on the controller’s
performance has already been well reported in [24].

In short, K; has little influence on the bandwidth but
the gain of the controller increases while K; increases.
The bandwidth can be widened by tuning w, appropriately.
Meanwhile, the magnitude and the phase increase when w,
increases. With K), increases, the magnitude of the PR con-
troller increases, but the phase magnitude decreases. Based
on the theory analysis, the PR controller gains are chosen as
K, = 0.2, K; = 10 and @, = 5 in this paper. The parameters
of the main circuit of the ES application system are shown
in Table 1. The open loop Bode diagram is shown in Fig. 5(c).
The bandwidth of closed loop is about 2.6kHz. According to
(21) and (22), the references of the current loop are Vegarer

Gs3(s) =

27)
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TABLE 1. Parameters for simulations and experiments.

Items Values
PCC voltage (V5) 110V
DC bus voltage (V) 200V
line resistance (R;) 1.64Q
line inductance (L) 30.4mH
critical load (Z,) 1603.4Q
non-critical load (Z3) 51.05Q
inductance of ES filter (L)) 2.3mH

capacitance of ES filter (Cy) 26puF
Switching frequency 10kHz

and Viggref , Tespectively. Thus, an additional ES voltage loop
is used to keep iy and i, independent.

B. CURRENT CONTROL STRUCTURE OF ES-2
The structure using the vector control of a current regulated
ES-2 is depicted in Fig. 6(a).

It must be pointed out that the cross-decoupling term and
voltage feedforward term were ignored in the structure to
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control b Structure of FAE [25] c Open loop bode diagram.

simplify the analysis. The d axis is aligned with the PCC volt-
age, while the g axis is orthogonal to it. The dg frame current
references i*(‘; ; and i*G q are related to active and reactive power,
respectively. The measured current ig is the feedback signal
for the current controller. An additional orthogonal current
iGp is generated by fictive-axis emulator.

The detailed structure diagram of fictive-axis emulator is
shown in Fig. 6(b). In which, SOGI PLL is used to detect the
PCC voltage and construct Veg. Vg P is the predefined value
of B axis. Gy(s) is the closed loop transfer function of ES
voltage loop.

Under the cutoff frequency of ES voltage loop, the closed
loop transfer function can be assumed to be 1. Thus, the open
loop transfer function of current regulator can be expressed
as

G()—(K+5>( R ) (28)
CI=ART T )\ R +L1s) Ra+R3) + RaRs

Now it remains to determine the parameters of PI con-
trollers. There are many methods and criteria for PI controller
synthesis. In this paper, the cutoff frequency f. and the phase
margin are used as the design objectives.

K; Ry
Ky+—
s ) \(R1+L1s) (R2+R3)+RR3

=1Lop—m

S=jwc

(29)

The bandwidth and phase margin are set to 1kHz and
65° to achieve rapid and smooth response. The parameters
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of the controller could be estimated by solving (28). In this
paper, K, = 60; K; = 2.5¢5, and the final open loop Bode
diagram of current loop is shown in Fig. 6(c).

C. POWER CONTROL STRUCTURE OF ES-2

The function of the power loop is to confirm the power
accuracy tracking. The structure of the power loop was shown
in Fig. 7(a). The open loop transfer function was given in (29),
where Gcce(s) is the closed loop transfer function of the
current loop, shown as follows.

Kiv
G(s) = vsa <va + T) Geel(s) (30)
_ Gel)
Geels) = T5Ge0) (€20

The cutoff frequency f,. and the phase margin can also be
used as the design objectives to determine the parameters
of the controller. The bandwidth of power loop should be
lower than the current loop to ensure the performance of the
current control. Here the bandwidth and phase margin are
set to 300Hz and 60° to achieve rapid and smooth response.
The parameters of the controller could be estimated similar
to the current controller. Here, K,, = 0.0001; K;, = 10.
Considering the current loop and the ES voltage loop,
the open loop Bode diagram is shown in Fig. 7(b).

V. SIMULATIONS AND EXPERIMENTS
To check the effectiveness of the proposed control, a feasibil-
ity study has been carried out in the laboratory, by coupling
the ES-2 to an application as depicted in Fig. 8.

In Fig. 8(a), vg is obtained from the grid through a trans-
former. Z; emulates the line impedance between PCC and vg.
Z is connected to PCC directly. In this part, three closed
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FIGURE 9. Simulation and experiment waveforms of ES voltage loop
when predefined magnitude value of ES voltage steps from 120V to 60V.

loops will be validated separately through simulations and
experiments.

From Fig. 9 to Fig. 11, the subfigures on the left are the
simulation waveforms while experiment waveforms are on
the right. Figure 9 shows the effectiveness of the ES voltage
loop, where the predefined magnitude value of the ES volt-
age steps down from 120V to 60V. It’s seen that the actual
ES voltage can tracks the predefined value well, which can
validate the analysis on the proposed decoupling mechanism.

When PCC voltage is used as reference vector, the power
injected to PCC is directly related to igg and ig,. Then,
effective current loop is the key to realize the active power and
reactive power independently. Two situations were selected
for validation, as shown in Fig. 10.

In Fig. 10(a), i, was kept to 0, igq steps from 1.5A to
2.5A. In Fig. 10(b), icq was kept at 2A while ig, steps
from —1A to 1A. Meanwhile, the actual current ig, and
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a P step from 150W to 250W @ Q = OVar b Q step from —50Var to 50Var @

P = 200W.

constructed virtual current igg were also recorded. Simula-
tion and experimental results are almost similar to each other,

both of which validate the theoretical analysis.

Power loop is to make sure the injected power equal to
the predefined value. Same as the current loop, two situations
were provided, as shown in Fig. 11. In Fig. 11(a), O was kept
to 0 while P steps from 150W to 250W. In Fig. 11(b), P was
200W while Q steps from —50 to 50Var. Meanwhile, the PCC
voltage and ES voltage were also recorded. It is also seen that

the transient time is only several milliseconds.

From the results above, it’s obviously seen that the pro-
posed control achieves higher dynamic responses at power
transients while the PCC voltage is kept stable, which has

verified the proposed power decoupled control.

VI. CONCLUSION

In this paper, a new type of decoupled power control is
proposed for ES-2 in the applications such households micro-
grids. Compared to existing power control for ES-2, system
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modeling with more analysis for parameters tuning and more
functions are added. For instance, decoupling network is
added as well as the inner current loop, which can achieve
power decoupling and higher dynamic responses. Besides,
more in-depth analysis including detailed system modeling
and parameter tuning are provided. A simple discussion
about the ability of active and reactive regulation of ES-2
is provided. In order to establish the mathematical model of
ES-2 in dq axis synchronous rotating reference frame, SOGI
algorithm and FAE were introduced to construct the virtual
orthogonal voltage and current signals. Then, the detailed
power decoupling control method was well illustrated. The
PCC voltage was selected as the reference vector, helping
decompose the injected current into active and reactive com-
ponents, by controlling which the independent power con-
trol can be achieved only using PI controllers. Besides, an
additional ES voltage loop was introduced to promise the
premise tracking of the ES voltage. Finally, the effectiveness
of the proposed decoupled power control is verified by both
simulation and experimental results.
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