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Abstract—This paper presents a general analysis and a control
strategy that enables electric springs (ES) to mitigate the negative-
sequence and zero-sequence currents in unbalanced three-phase
power systems. The analysis indicates that under certain load con-
ditions, power balance can be restored without the need for active
power from the ES. Outside such conditions, the theory can pin-
point the precise operating point at which power balance can be
achieved with the minimum active power from the ES. Thus, the
optimum use of energy usage and battery size for providing/storing
active power can be realized. Simulation and experiment results ob-
tained from a 3-kW hardware setup have verified the new theory
and the control method.

Index Terms—Electric springs (ESs), neutral current, negative-
sequence currents, power imbalance, radial-chordal decomposi-
tion, symmetrical components.

1. INTRODUCTION

OWER flow imbalance among different power phases is a

general phenomenon in three-phase ac power utility grids.
Such power imbalance can be classified as short term and long
term [1]. For short-term imbalance, unbalanced currents are rel-
atively larger than those of the long-term ones. They are caused
by unsymmetrical faults such as the phase-to-neutral short cir-
cuit in power lines and equipment failures [1]. If these large
unbalanced currents are not properly handled, generator trips
can occur [2]. For long-term imbalance, unbalanced currents
are typically milder (smaller amplitude). They are generated by
an uneven distribution of loadings on different power phases [1],
[3], [4]. These unbalanced line currents can cause severe dis-
turbance to induction machines [5], excessive flows of neutral
currents [6], significant power losses [7], reduction in system’s

Manuscript received May 16, 2016; revised October 11, 2016; accepted
November 21, 2016. Date of publication December 6, 2016; date of current
version May 9, 2017. This work was supported by the Hong Kong Research
Grant Council under the theme-based project T23-701/14-N. Recommended for
publication by Associate Editor Prof. J. M. Guerrero.

K.-T. Mok, S.-S. Ho, and S.-C. Tan are with the Department of Electrical
and Electronic Engineering, The University of Hong Kong, Hong Kong (e-mail:
barrymok @connect.hku.hk; ssho@eee.hku.hk; sctan@eee.hku.hk).

S. Y. R. Hui is with the Department of Electrical and Electronic Engineering,
The University of Hong Kong, Hong Kong, and also with the Department of
Electrical and Electronic Engineering, Imperial College London, London SW7
2AZ, U K. (e-mail: ronhui @eee.hku.hk).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TPEL.2016.2636226

efficiency [8], low power factor [8], and severe reactive power
burdens [8]. Furthermore, over the past decades, there is an in-
creasing use of nonlinear loads, such as adjustable speed drives,
computer power supplies, and asynchronous ac—dc—ac links [4],
[8]. As aresult, both of system power balance and power quality
are adversely affected.

Many solutions have been proposed to resolve the issue of
long-term power imbalance and other power quality related is-
sues such as power factor degradation and current/voltage har-
monic contaminations. These solutions can be classified into
following four types:

1) transformers and synchronous condensers;

2) passive filters (PFs);

3) active filters (AFs);

4) hybrid filters (HFs).

Conventional devices, such as synchronous condensers and
transformers with tap changers, have been used to address power
quality issues [3], [9]. The drawbacks of these methods are their
large physical size, heavy weight, and high maintenance cost [3],
[6]. The installation of PFs, such as fixed capacitor banks and LC
filters, are alternative solutions [5], [8], [10], [11]. However, PFs
are incapable of eliminating random and time-varying harmonic
pollution that is generated from solid-state controlled devices.
In this respect, a fast dynamic and adaptive solution such as the
AFs is required [12]-[17]. In general, AFs can be connected in
either series or in parallel with the power network. The static
var compensator (STATCOM) and the static synchronous series
compensator (SSSC) are typical examples of shunt-type (paral-
lel) and series-type AFs, respectively [12], [13]. The combina-
tion of AFs and PFs forms the HFs (e.g., the unified power flow
controller (UPFC) is formed by combining a STATCOM and an
SSSC coupled by a common dc link [15]). Another example of
HFs is a STATCOM connected in series with an inductor [16].
The reasons for the use of HFs are to improve the dynamic
performance and to reduce the size of filter devices [4].

Although the aforementioned techniques can achieve substan-
tial improvements on different aspects of power quality issues in
conventional power networks, the new challenges arising from
emerging power grids pose an entirely different set of problems
that are not resolvable through these techniques and that should
be handled by new solutions. Increasing use of intermittent
renewable energy could lead to instantaneous imbalance be-

See http://www.ieee.org/publications_standards/publications/rights/index.html tor more intormation.
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tween power supply and demand, which is a key factor for grid
voltage amplitude and frequency fluctuations [18]. Electric
springs (ES) have been proposed to resolve this imbalance is-
sue, and simultaneously, serve to perform conventional power-
quality improvement functions [6], [19]-[21]. The first version
of ES has been initially proposed for grid voltage stabilization
through reactive power compensation and active power control
of a non-critical (NC) load. This ES is configured by a volt-
age source converter that is connected in series with an NC
load (such as an electric heater) [19]. The second version of ES
includes battery storage for providing both active and reactive
power compensations [20]. These two versions of ES are defined
as series-type ES. Further research works have been conducted
on using ES for power factor correction [20], harmonic com-
pensation [21], and neutral current mitigation [6].

Fig. 1(a)-(d) shows the simplified block diagrams of a
shunt-type AF, a series-type AF, an HF, and a series-type ES,
respectively. The supply-side voltage in each of these figures
represents the upstream part of the power network. That can be
the output of the step-up transformer inside a power generation
plant [in the cases of Fig. 1(a)—(c)] or the output of the step-
down transformer of the distribution substation [in the case of
Fig. 1(d)]. The loads in the figures represent the combination of
the loads at the demand side. ESs are different from traditional
flexible ac transmission system (FACTS) devices by 1) using
an input-voltage control to regulate the standard mains and 2)
providing an adaptive mains for NC loads. Unlike the traditional
AFs that are the large-scale infrastructures and are installed at
transmission levels, the ES are small power-electronic devices
and are targeted to be installed at distribution levels. They can
be distributed over the distribution network to form a distributed
active suspension system. Since ES can dynamically modulate
the NC load power, they form a distributed demand-response
solution to balance the power supply and demand.

Some preliminary work on the reduction of power imbalance
using ES was reported in [6]. Due to the lack of a system-
atic analysis, previous work obtained near-optimum solutions
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based on genetic algorithm (GA) to reduce neutral current in
a three-phase power system. Other important power imbalance
issues (such as negative-sequence and zero-sequence currents,
and optimum power compensation and battery capacity) remain
unsolved. Excessive negative-sequence current can affect the re-
liability of power systems [1], [2], [22], [23]. For instance, in the
direct-and-quadrature (dgq) control commonly adopted in power
compensators, the presence of negative-sequence components
can cause the dg variables to vary at twice the fundamental grid
frequency [22]. Hence, the compensation algorithm for power
balancing would not work well because of calculation errors in-
troduced by such variations [23]. European Standard EN 60034-
1 has been initiated to govern the acceptable negative-sequence
currents in synchronous machines [24].

In this paper, a comprehensive analysis on the use of ES for re-
ducing power imbalance in a three-phase system is presented. It
provides a new theoretical platform to work out the precise con-
trol strategy and analytical solution for a series-type three-phase
ES in order to reduce both zero-sequence and negative-sequence
currents in an unbalanced power system. Under certain condi-
tions, this method can reduce system power imbalance without
requiring real power from the ES. Beyond such conditions, the
theory can pinpoint the precise condition at which the mini-
mum active power is required from the ES to restore power
balance. Therefore, the battery storage on the dc link of the ES
can be minimized. Simulation and experiment results obtained
from a 3-kW prototype are included to validate the proposed
method.

II. THREE-PHASE POWER BALANCING VIA ESS

Three-phase power imbalances can be commonly found in
large residential buildings [25], of which the general electri-
cal system diagram is shown in Fig. 2. The system can be
divided into three sections, namely the supply-side section, the
centralized-load section, and the single-phase residential-load
section. In the supply-side section, the building acquires power
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Fig. 2.  General electrical system diagram of a large residential building.
from a distribution feeder. The distribution voltage is stepped
down to the utility level via a building transformer and its out-
put voltage is denoted as the building supply voltage V;; on
phase i, where i = a, b, or c. The centralized-load section con-
sists of three-phase electrical devices, such as lifts, escalators,
central air-conditioning systems, and central water heaters. The
single-phase residential-load section involves loads fed by indi-
vidual phases. Power consumptions among different phases are
usually not identical. Since the power supply units of central-
ized three-phase loads are generally close to the building trans-
former, their associated parasitic impedances are ignored in this
analysis.

The centralized three-phase loads can be categorized into
critical loads and NC loads. Critical loads are fed by the standard
ac mains (Vg,, Vip, Vi) tightly regulated through an input-
voltage control loop by the ES. Examples are lifts and escalators.
The ES also provides an adaptive ac mains (V., Von, Vo)
with a higher tolerance of supply voltage for the NC loads. A
centralized three-phase water heating system can be considered
as an NC load.

In this section, a comprehensive steady-state analysis of using
an ES for restoring power balance in a three-phase power system
is presented. A simplified block diagram of the electric system
with an ES installed in a residential building is shown in Fig. 3.
It is assumed that the three-phase supply voltage of the building
is constant and balanced, of which the root-mean-square (RMS)
magnitude of the voltage is denoted as

[Vsret] = [Vsal = [Vab| = [Viel- (1)
The NC load (e.g., a centralized water heater) on phase i can
be represented by a complex impedance Z,; = Ry + jXoi-
The other impedances of the building on phase i, including
1) the critical three-phase loads; 2) the parasitic impedances of
the busbar riser; and 3) the impedances of devices in all domes-
tic electric loads, are combined together and are represented by
a branch complex impedance Zy,; = Ry; + jXp;. Note that the
impedance of the centralized water heater can be assumed to be
purely resistive R,;. Nevertheless, a complex impedance form
Z,i will be used in this analysis to prevent the loss of generality
as different types of loads with complex impedance are applica-

First-floor single-phase
residential-load section

ble as an NC load [20]. Under this configuration, the complex
power of the whole building (Ss,, Ss, Sse) consists of two
parts: 1) the complex power consumed by the ES-associated
smart load (Sg1a, Ssips Ssic); and 2) the complex power con-
sumed by the branch loads (Sy,., Sph, She) as highlighted in
Fig. 3. Considering the situation that the ES is not activated.
The voltage of the adaptive ac mains is equal to that of the stan-
dard ac mains. The smart-load complex power of phase i can be
expressed as
Vi

Vii=—
Zoi

Sali = = ()

nom._sli = Pnonhsli + anomﬁli

where S o1 i 1S defined as the nominal value of Sg);. The branch
complex power on phase i is

Shi = Boi + JQvi = Vii=—-
Zi

3)

Hence, the three-phase nominal power of the building (with the
ES deactivated) Spom s 18

nom.sl 1 Sb (4)

where Snom,sl = Snom,sla + Snom,slb + Snom,slc and Sb =
Sba + Spp, + She are the three-phase nominal smart-load com-
plex power and the three-phase branch complex power of the
building, respectively (see Fig. 3). Consider the situation that
the ES is activated and that it can deliver a certain ES voltage
on each phase such that the system operates to behave as a load
that consumes a balanced three-phase power. The balanced per-
phase active and reactive power of the building are denoted as
Py a1 and Qg a1, respectively. Thus, Py, = s bal
and Qg = Qs = Qsc = Qs_pa1- The active and reactive branch
power (Py; and @Qy,;) are unchanged and (3) remains valid af-
ter the activation of the ES because the supply voltage level
is remained at |V pef|. In this balanced system, the smart-
load active power (Py; = Pspa — Phi) and reactive power
(Qsii = Qs pal — Qpi) on phase i can be expressed by using
the power conservation analysis. Thus, the smart-load apparent
power on phase i can be expressed as

Snomj =

sb:F)sc:

|Saii| = \/(Ps,bal — Poi)® + (Qspar — Qi) ©)
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Fig. 3. Simplified electrical diagram of a large residential building.

The operating voltage of the ES on each phase has to be deter-
mined according to the power requirement described in (2)—(5).
The calculation of the ES voltage can be a tedious process if an
improper mathematical approach is adopted. Unlike [6] in which
GA is adopted to estimate the numerical results (in order to avoid
the solving of complex equations), the analysis here is based on
the radial-chordal decomposition (RCD) method [26]. It can
provide the precise analytical solution to achieve power bal-
ance. The RCD method decomposes the ES voltage into radial
and chordal subcomponents such that the power angle and the
power magnitude of the ES-associated smart load can be inde-
pendently controlled. According to [26, egs. (20) and (21)], the
power amplitude (apparent power) of the ES-associated smart
load and that of the NC load can be, respectively, calculated as

—
|S |V; Ref| (H/a Ref| ebrl) (6)
sli| —
‘Zoi‘
and
N2

‘S ‘ (H/:a Ref| ebrl) (7)

oi| = ‘Zoi‘

where XZ: is the magnitude of the radial ES voltage on phase i
with the polarity indicating that it is either in phase (positive) or
in antiphase (negative) with the NC load voltage. The magnitude
of the radial ES voltage on phase i can be calculated by using
(5) and (6) as

|Zoi| \/(]Ds,bal - ]Dbi)2 + (Qslml - Qbi)2
|Vs,Ref|

|Vvesri| = |V;,R,ef| -
(3)

The active power of the NC load on phase i can be found from
(5), (7), and (8) as

N2
(|‘/sﬂef‘ e%u)
oi — |Z | COoS ¢oi
[(Ps,bal - -Pbi)2 + (Qs,bal - Qbi)2 ‘Zoi‘ COS ¢oi (9)
; “/sRef'|2

where ¢,; is the power angle of the NC load on phase i. Using
(9), the ES active power on phase i can be calculated as

Pesi = Lsli — Poi
= L's_bal — Pbi - Poi
= P pa1 — Pyi— (10)
[(Ps,bal — Poi)” + (Quvat — Qui)*| | Zoi] cos o
|‘/s,,Rcf |2 .

Since the active and reactive branch power (P,; and Qy;),
the supply-side reference voltage |Vigref|, the impedance of
the NC load |Z,;|, and the power angle of the NC load ¢,;
are all constant in the steady state, only the balanced per-phase
active and reactive power of the building (P; 1,1 and Qs 1,.1) are
considered as variables in (10). The three-phase ES active power
is the sum of the ES active power on each phase. According to
(10), this can be expressed as

Pes:Pesa+Pes})+Pesc

= Ky Pya® + K3 Qspa® + Ko Pepal + Ky Qs pal + Ks
(11)

where K1, Ky, K3, K4, and K5 are as indicated in (12), shown
at the bottom of the next page.
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Note that a positive quantity of FP.; means that an active
power flows from the power system to the ES and vice versa.
Equation (11) indicates that P, is a circular paraboloid func-
tion (as K1 = K3) of P a1 and Qs pa1 in 3-D B a1—Qs bha—Pes
space. The three-phase power system in Fig. 3 is symmetrically
power balanced if the system operates at any point on the sur-
face of this circular paraboloid. Also, a desired active power
injection from (or absorption by) the ES can be chosen under
a specified active and reactive power operation of the system
(Pspa1, Qs ba1)- By applying a first-order partial differentiation
on P, in (11) with respect to the specified power, we have

8IDes

=2K; P pa + K 13
OP 1 1 Pspal + Ko (13)
and
8P(‘q
= = 2K3 Qs pal + Ky 14
30w 3 Qs bal + Ky (14)
Hence, there exists a unique stationary point on the

circular paraboloid function located at ( Pipal, Qsbal) =
(=K /2Ky, —K,/2K3). Application of the second-order par-
tial differentiation on Peg gives

0% Py [ 2K, <0, for (Roa + Rob + Roc) >0(15)
8st)a12 B 2K1 > 0; for (Roa + Rob + Roc) <0
P [2K3 <0, for (Ros + Rop + Roe) > 0(16)
aQsJaad2 B 2K5 >0, for (Roa + Rop + Roc) <0
and
2P,
0" Fes =0. (17)

P, 510Q; bal

Equations (15)—(17) are used for classifying the stationary point
of the function Py in (11). The determinant det(Ps a1, Qs_bal)
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of the Hessian matrix of the function Pes, H(P; pal, Qs_bal)s 18

det(-Ps,bala Qs,bal) = det(H(Ps,bah Qs,bal))

[ 2P 0? P, T
813&1)&12 aPsJ)alaQsJ>al
= (18)
det | gop, 9P,
8-Ps,balaQs,bal aQs,baIQ
PP W&S_< W&S_Y
aPs,loal2 8Qs,b‘<112 8PSJ)&18QSJ)%L1

where det is the denotation for determinant. According to
the second-partial-derivative test for two variables [27], since
det(Py pal, @sbal) is always positive [referring to the re-
sults in (15)-(18)], the stationary point ( Pipal, Qsbal) =
(—=K3/2K;,—K,;/2K3) must be a unique extremum of
the function PF,. This extremum is the maximum point
and the circular paraboloid is concave downward when
0% Py JOP; 1,21° < 0. This is the case where the constant K; < 0
as indicated in (15). On the other hand, the extremum is the
minimum point and the circular paraboloid is concave upward
when 02 P,y /0P, pa>> 0 (K; > 0). It is concluded that the
concavity of the circular paraboloid function (determined by
the constant K;) depends on the summed value of the resistive
part of the NC load on each phase as described by (15).

To show the properties of the circular paraboloid function,
six cases of the NC load power and the branch power in per-
unit (p.u.) representation are included as shown in Table I.
The magnitude of the supply voltage (V;;) and the average per-
phase nominal active power of the system (P, s/3) are cho-
sen to be 1 p.u. Fig. 4(a)—(c) shows the phasor diagram of the
NC load impedance in cases A, B, and C, respectively, where
their NC loads are, respectively, balanced positive pure resis-
tive, balanced positive-resistive inductive, and unbalanced pure
resistive. Their corresponding circular paraboloid functions are
plotted in Fig. 5(a)-(c), respectively. The constant K in all
the three cases is negative and these circular paraboloid func-
tions are all concave downward. On the other hand, Fig. 4(d)—(f)

o |Zoa| COS (¢oa) o |Z0b| COS (¢ob) . ‘Zoc| COS ((boc)

K, =

(B)C2 + chQ) |Zoc| CoSs (¢oc)
- B)c -

Vi et Vi ret|” Vi ret]?
Pba |Zoa| COs ((boa) Pbb IZob‘ COs <¢ob) Pbc ‘Zocl COS (¢oc)
Ky =3+2 5 2 5 .
|V;,R,ef| |‘/;,R efl |V;,R,ef|
g = — |Zoa| COS (Qboa) _ |Z0b| COS (¢ob) . ‘Zoc| COS (fboc)
|V;,Ref |2 ‘V;Ref |2 |‘/5,Ref |2
K4 _ 2Qba |Zoa‘ CosS ((yboa) 2be ‘Zob| Ccos (¢ob) 2ch ‘Zocl COs (¢oc)
Vi Rret|” Vi Rret|” Vi ret]?
(Poa® + Qua”) | Zoa| cos (¢o) (Pon” 4 Qub?) | Zob | cos (o)
K5 = _B)a - 2 - B)b - 9
Vs Ret| |Vs Ret

|‘/;Ref‘2
(12)
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Fig. 4. Six cases of NC loads with respect to the corresponding nominal complex power indicated in Table I. (Per-unit representation.) (a) Case A: A pure
positive-resistive NC load. (b) Case B: A positive-resistive-inductive NC load. (c) Case C: An unbalanced NC load with the three-phase sum of positive resistive
value. (d) Case D: A pure negative-resistive NC load. (e) Case E: A negative-resistive-capacitive NC load. (f) Case F: An unbalanced NC load with the three-phase

sum of negative resistive value.

Fig. 5. Six cases of the circular paraboloid function in (11) with respect to the corresponding parameters in Table I. (Per-unit representation.) (a) Case A:
pure positive-resistive NC load. (K1 = —6, Ky =9, K3 = —6, K4 = 1.2, K5 = —3.14). (b) Case B: A positive-resistive-inductive NC load. (K1 = —6, K2
12.69, K3 = —6.92, K4 = 2.31, K5 = —6.21). (c) Case C: An unbalanced NC load with the three-phase sum of positive resistive value. (K
4.96, K3 = —1.49, K, = 0.71, K5 = —2.68). (d) Case D: A pure negative-resistive-capacitive NC load. (K1 = 5, Ky = —13, K3 = 5, K4y = 3.33, K3

A

9.1). (e) Case E: A negative-resistive-capacitive NC load. (K1 = 4.5, K9 = —11.4, K3 = 4.5, K4y = 3, K5 = 7.71). (f) Case F: An unbalanced NC load with
the three-phase sum of negative resistive value. (K1 = 1.49, Ky = —1.89, K3 = 1.49, K, = —0.71, K5 = —0.23).
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TABLE I
PARAMETERS OF THE SYSTEM IN EXAMPLES

Case Variable Phase a Phase b Phase ¢
(p.u.) (p-u.) (p.u.)
/ Vil 1 1 1
/ P pa1 1 1 1
A Poi + Qoi 0.5+ 0.0 0.5+ j0.0 0.5+ j0.0
Pyi + Qi 0.6 + j0.2 0.5+ j0.1 0.4 + j0.0
B Poi + Qoi 0.3 + 0.2 0.3 + 50.2 0.3 + 50.2
Py + Qi 0.7+ 50.3 1.0 4+ 0.2 0.4+ 50.0
C Poi + Qi —0.7 + 50.0 0.8 + 0.0 0.6 + j0.0
Pyi 4 Qi 0.8 —350.6 0.9 —50.4 0.6 —j0.0
D Py +Qoi  —0.6 + j0.0 —0.6+ 0.0 —0.6+ 0.0
Pyi + Qui 1.7 -350.6 1.8 —50.4 1.3+ 0.0
E Poi + Qoi —0.6 —50.2 —0.6 —j0.2  —0.6 —50.2
Pyi 4+ Qi 1.7 - j0.6 1.8 — 0.4 1.3+ 0.0
F Py + Qoi 0.7 + j0.0 —0.8+50.0 —0.6 + 50.0
Pyi 4+ Qi 1.0 —j0.6 1.5 —50.4 1.2 + j0.0

shows the phasor diagram of the NC load impedance in cases
D, E, and F, respectively, where their NC loads are, respectively,
balanced negative pure resistive, balanced negative-resistive ca-
pacitive, and unbalanced pure resistive. Their corresponding
circular paraboloid functions are plotted in Fig. 5(d)—(f), re-
spectively. For all the three cases, the constant K is positive
and the circular paraboloid functions are all concave upward.

Equation (11) can be used to determine the corresponding
value of the ES voltage on each phase. Given a specific desired
balanced active and reactive power operating point of the system
( Pspal, Qspal), the corresponding radial (V,;) and chordal ES
voltage (Visc;) on phase i can be calculated as

| Zoi \/(Ps,bal — Poi)” + (Qspar — Qui)’

‘/csri == V;, ef | —
[Vesril = Vs Ret] Vonal
(19)
eesri = 901
- (;boi - ¢sli
= ¢0i —arg [(Ps,bal - Pbi) +] (Qs,bal - Qbi)] (20)
Vel = /21Voretl? (1 = cos (6:)) @1
B = sz () =] 22)

where Oegi, 001, Oesci are, respectively, the phasor angle of the
radial ES voltage, NC load voltage, and chordal ES voltage
with respect to their corresponding grid voltage (V;;) on phase
i. The notations arg(.) and sgn(.) are defined as the argument
of the complex number and the signum function, respectively.
Equations (19) and (20) are for the radial ES voltages, while (21)
and (22) are for the chordal ones. The derivations of (19)—(22)
and their explanations can be found in [26].

III. OPTIMUM OPERATING CONDITIONS FOR RESTORING
POWER BALANCE

The circular paraboloid function given in (11) can be used to
1) determine the three-phase power-balanced operating point of
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a power system regulated by the ES and 2) optimize the active
power usage in the ES such that the battery storage capacity can
be minimized. The following two conditions are possible with
the system shown in Fig. 3.

1) The power balance can be restored by the ES with active

power injection into the system. While there are multiple
solutions, there exists a solution that requires minimum
active power from the ES.
The power balance can be restored by the ES without
active power injection into the system. While there are
multiple solutions, there exists an optimum solution that
involves the minimum deviation from the original average
active power value of the three-phase system (P _s)-

These two cases are separately discussed in this section. The
minimum use of active power would lead to the minimization
of the energy storage capacity in the ES.

The ES under consideration is a bidirectional dc—ac power
converter with a battery storage connected to its dc bus. The
active power delivered from the battery storage (denoted as
Pes_qc) is equal to the sum of the power loss in the bidirectional
converter (denoted as P, 10ss) and the ES active power injected
to the grid (i.e., Pes_qc = Pesloss + Pes)- If the power loss of this
bidirectional converter is neglected (FPes 10ss = 0 W) and the ES
does not deliver active power to the grid (P,s = 0 W), there is
no requirement for energy storage in the ES (P g. = OW).
Under this premise, the operating point of the system should lie
on the locus defined by the intersection of the circular paraboloid
function and the plane P.; = 0 p.u. This locus is

2)

Ki Piyal® + K3 Qs var® + Ko P yal + Ki Qs pal + K5 = 0.
(23)

A. Restoring Power Balance With Minimum Active Power by
the ES

In the case that (23) does not give a real solution, it means that
there is no intersection between the circular paraboloid function
and the plane P, = 0 p.u. In this case, F.s cannot reach zero
and a minimized value of | P.s| should be determined. Equation
(23) can be rewritten as

Ky \? Ky \?
P§ a a1 s_ba a1
( ‘bf1+2K1> +<Q1 1+2K1
K Ky

:QmY+me

This is the equation of a circle on the P 1,,1—Qs 1,21 plane with the
origin located at (— K5 /2K, —K,/2K3) and its radius equals
to the square root of the right-hand side of the equation. The
condition for this circle to be imaginary is that the radius must
be smaller than zero, which gives

K
K’

(24)

Ky? + K2 < AK5 K. (25)

Hence, a minimum value of |Pys| exists and it is located at
(Pipal, Qspa1) = (—K2 /2K, —K4/2K3) (which is the ver-
tex and the extremum of the circular paraboloid function) if and
only if (25) holds. Fig. 5(a) and (d) is redrawn with the plane of
P.s = 0p.u. They are shown in Fig. 6(a) and (b), respectively.
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Pes=0.295 p.u.

Three examples show different scenarios in the circular paraboloid function interacting with the plane P.s = 0. (Per-unit representation.) (a) The circular

paraboloid is plotted using (11) with the data in case B. (b) The circular paraboloid is plotted using (11) with the data in case D. (c) The circular paraboloid is

plotted using (11) with the data in case A.

In Fig. 6(a), the circular paraboloid function in case B is con-
cave downward with the maximum value of P,y = —0.198 p.u.
at the vertex. Any operating point on the surface of the circular
paraboloid is a solution for the ES to restore power balance.
The vertex is, therefore, the optimum solution because it has
the shortest distance to the plane of P,s = 0 p.u. Operating at
the vertex point means in this case that power balance can be
restored with the battery of the ES being discharged to provide
the minimum amount of active power.

On the other hand, Fig. 6(b) shows the condition for case
D. The circular paraboloid function is concave upward and
the minimum amount of active power absorbed by the ES is
Pes = 0.094 p.u. Operating at this vertex is the optimum solu-
tion because the battery of the ES will be charged to absorb the
minimum active power in order to restore the power balance.

B. Restoring Power Balance Without Active Power from the ES

The ES does not need to inject active power into the system
if (23) exists real solutions. In this case, the plane P, = 0 p.u.
intersects with the surface of the paraboloid as shown in an
example of Fig. 6(c). Unlike the condition in Section III-A of
which an optimum operating point of the system is unique (at the
vertex of the circular paraboloid function), the system discussed
in this section can operate at any intersection point lying on
the circle in (23). In order to visualize the characteristics of
the circular paraboloid function and quantitatively identify the
locus of ( Ps pa1, Qs.bal), the data in case A as shown in Table I
are used as an example. Substituting the parameters of case A
in Table I into (11) gives

P = _6Ps,ba12 + 98 a1 — 6Qs,ba12 + 1-2Qs,ba‘l —3.14.
(26)
Fig. 6(c) shows the circular paraboloid function in (26) and
the plane P, = 0 p.u. Since the NC load is positive resistive,
the vertex of the circular paraboloid function is the maximum
point of P.. This point is located at ( P a1, Qs.baly Pes) =
(0.75p.u.,0.1 p.u.,0.295 p.u.), which can be obtained from (13),
(14), and (26).
The operating locus of the system power ( P a1, Qs_pa1) that
the ES operates in case A such that no active power is injected by
the ES during the power-balanced condition is shown in Fig. 7.

Qsﬁbal N

Operating

/ locus

Optimum operating
0.29
(0.972 p.u., 0.1 p.u.)

X

Center
(0.75 p.u., 0.1 p.u.)

0.8

0.14

Ps_l)ﬂl= (Pnom_s/ 3) =1 p.u.

Fig. 7. Operating locus of the system power for the ES to regulate the system
in case A to be power balanced without injecting active power from the ES.

Its equation is

—6P; ha1® + 9P; hat — 6Qs bar” + 1.2Qs pa1 — 3.14 = 0.

(27)
This equation represents a circle obtained by considering the
intersection of the circular paraboloid function and the plane
P.s = 0 p.u. as shown in Fig. 6(c). Next, the ES voltage Vig;
on phase i can be obtained from (19)—(22). Since there is no
explicit function to express the ES voltage, the locus of the ES
voltage can be expressed in terms of P 1,1 and Qs_p a1, Which is
indicated as

Vesi = Vesri + ‘/esci = |‘/esri| Zoesri + |Vesci| leesci

|Zoi| \/(Ps,bal - Ploi)2 + (Qslml - Qbi)2
|‘/S,Ref|

= |‘/;Bef| -

z {¢oi —arg [(Ps,bal - Pbi) +] (Qs,bal - le)]} +

V2V (1= cos 0| 2| -sem0)

m — |901|
72 .
(28)
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Fig. 8.

Loci of (a) radial ES voltages, (b) chordal ES voltages, and (c) resultant ES voltages in case A. (Phase a: red, phase b: green, phase c: blue.) (The polar

angles on each phase are: phase a: Oesa, phase b: (0es1, — 27/3), and phase ¢: (fesc + 27/3).) (The cross markers are the optimum operating points.)

< VesaiRef

Ve sb_Ref

‘ Ve sb_Ref ‘
< VesciRef

eesciRef >

I VesciRef I —

Fig. 9. Control circuit of the ES adopted in the PSIM simulation in
Section IV.

Hence, the locus of the ES voltage can be obtained by substi-
tuting the implicit function (27) into (28). Fig. 8(a)—(c) shows
the loci of the radial ES voltage, the chordal ES voltage, and
the resultant ES voltage (vector sum of Vi and Ves;) of each
phase, respectively.

It is important to find the optimum operating point of the
system within these loci. One possible optimum point of the
system is that the balanced per-phase active power of the system
Ps 1,21 should be as close as possible to the average per-phase
nominal active power that (P,o,_s/3) (which is highlighted in a
dotted line in Fig. 7).! As a result, the optimization criterion is
to minimize the difference between P 1, and P,om /3. This
minimized difference, in geometry sense, is equivalent to the
shortest distance between a point on the line P ,,; = 1 p.u.anda
point on the circle [in (27)], as shown in Fig. 7. Consequently, the
optimum operating point is located at where the value of | P 1,1
is maximum. By applying a first-order partial differentiation on

't should be noted that for illustration purpose, only one optimum operating
point that is closest to the average per-phase active power of the system is chosen
and presented in the analysis. There are other possible optimum operating points
in regard to the parameters being optimized. For example, another possible
optimum operating point can be found when the reactive power of the system
is regarded as zero (or minimum) to maximize the power factor of the system.

(23) with respect to Qs 1.1, we have

K,

Qs,bal = T 37 -

oK, (29)

By substituting (29) into (23), the optimum point of P 3,1 can
be derived as

By =

— Ko K3 + /4K K3° K5 + K K3 K, + Ky K32
2K, K5
(for Py pom > 0)

—Ky K3 — /4K, K3* K5 + K K3 K,* + Ky? K3?
2K, Ks
(for Py hom < 0)

(30)

From (29) and (30), the optimum point of the system is calcu-
lated for case A as ( Ps_pal, Qs.bal) = (0.972 p.u., 0.1 p.u.).
The corresponding ES voltage on each phase is calculated, us-
ing (28), as Vega = 0.32524 — 0.66 p.u., Veg, = 0.057£0 p.u.,
and Vige = 0.246£2.19 p.u. This optimum operating point of
the ES voltage is marked on Fig. 8(a)—(c).

IV. SIMULATION AND EXPERIMENTAL RESULTS

In the first part, a simulation is conducted to validate the
proposed method for the restoration of power balance in a three-
phase unbalanced power system. In the second part, the ability
of the proposed method for the optimization of active power
usage in the ES is verified with simulation. The experimental
validation is discussed in the third part.

A. Restoration of Power Balance

The validation on the proposed RCD method for the restora-
tion of power balance in a three-phase unbalanced power system
is conducted using the simulation software PSIM version 10.0.
The system schematic adopted in the simulation is shown in
Fig. 10, where three controlled voltage sources are adopted to
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Fig. 10.  Power stage of the ES adopted in the PSIM simulation in Section IV.

model the three-phase ES. Both case B and case F shown in
Table I are adopted in the simulation.

The magnitude of the phase-to-neutral grid voltage and the
average per-phase nominal active power of the system are cho-
sen as |V =220 V (1 p.w.) and Pyoms/3 = 1kW (1 p.u) in
the simulation, respectively. The ES voltage is precalculated by
the proposed algorithm discussed in Sections II and III. The
calculated magnitude (|Visa Rofls |Vesb_ref| @and |Vese ret|) and
phases (fosa Ref» Gesb Ref and Oese rer) Of the ES voltage refer-
ences are used as the controlled signals of these three controlled
voltage sources as shown in Fig. 9.

The simulation is first conducted using the values of
the NC load and the branch load in case B in Table I
Fig. 11(a) shows the steady-state waveforms of the neu-
tral and line currents before the activation of the ES.
They are found as | I, |Z£0s, = 5.0824 — 0.464 A, |1y, |£04, =
6.1824 — 0.298 A, and |[;.|Z6s. =3.3084 —0.278 A, and
their phasor diagrams are shown in Fig. 11(b). The three-phase
line currents are transformed into their symmetrical components
using

|]szero| Zeszero 111 ‘Isa| Zesa
|Ispos| Zespos =|1ad |Isb| L0, (€29)
|Isneg| lesneg la* a |Isc| L0

where @ is defined as cos(27/3) + jsin(27/3), and
|Iszero|4931ero, |Ispos|405p08a and |Isneg|éesneg are, respec-
tively, the zero-sequence, positive-sequence, and negative-
sequence component of the current. The phasor diagram of the
symmetrical components is shown in Fig. 11(c). The objective
of this transformation is to obtain the symmetrical-component
values for indicating the degree of balance of the system.

Next, the simulation is repeated with the ES voltages
calculated based on the proposed RCD method. Since
the solution of (23) is imaginary, the optimum operat-
ing point of the system can be found from (13) and
(14) as Pspa =917 W and Q1.1 = 167 VAr. Substituting
these values into (28) gives the ES voltage on each phase.
They are |Viga|ZOesa = 209.654 —0.738V, |Vig,|ZLOesh =
273.82/0.0412 V, and |Vese|£L0ese = 133.76£ — 2.401 V. The
corresponding waveforms of the ES voltage in each power

phase are shown in Fig. 15(a). The simulated line currents
are I, | £0sa = |LIsn| L0s, = |Isc|£0sc = 42354 — 0.180 A.
Fig. 12(a)—(c), respectively, show the simulated line-current
waveforms, their phasor diagrams and their symmetrical com-
ponents. According to Figs. 11(c) and 12(c), the proposed RCD
control method can control the ES to mitigate both the zero-
sequence and negative-sequence currents to zero.

The simulation is then repeated with the values of the NC
load and the branch load given in case F. In the proposed
RCD method, the operating point of the system is calculated
following the analysis presented in Section III-B, which
giVeS }Ds,bal = 1421W, Qs,bal = 240 VAr, |V;>sa|40csa =
2781441251V,  |Vesp|ZLbesy, = 265214 —0.726V,  and
[Vese|£0ose = 313.78 4 — 0.284 V. The simulation waveforms
of the line currents, their phasor diagrams and their symmetrical
components without the activation of the ES are shown in
Fig. 13(a)—(c), respectively. The simulation waveforms of
line currents with the ES under the RCD control method are
shown in Fig. 14(a)-(c). The corresponding waveforms of
the ES voltage in each power phase are shown in Fig. 15(b).
The results depicted in Figs. 13(c) and 14(c) indicate that the
proposed RCD method can control the ES to mitigate both
zero-sequence and negative-sequence currents to zero.

From the presented results, it can be concluded that the pro-
posed RCD method can be applied to the ES with both negative
(case F) and positive (case B) resistive NC load and this NC load
can be either balanced (case B) or unbalanced (case F), and this
method can mitigate both the zero-sequence and the negative-
sequence currents to zero such that the system is symmetrically
power balanced.

B. Optimization on the Active Power Usage in the ES

This section verifies the ability of the proposed method for
the optimization on the active power usage in the ES. The same
configuration used in the simulation in Section I'V-A is adopted.
Case B is used to demonstrate the procedures on determining
the minimized ES active power as discussed in Section III-A.
Case F is used to demonstrate how zero ES active power is
required for power balancing as discussed in Section III-B. In
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Fig. 11.  Simulation results for case B with the ES deactivated. (a) Steady-state waveforms of the line currents and the neutral current without the activation of
the ES. (b) Corresponding phasor diagram of the three-phase line currents in Fig. 11(a). (c) Corresponding phasor diagram of the symmetrical-component currents
in Fig. 11(b).
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Fig. 12.  Simulation results for case B with the ES under RCD control. (a) Steady-state waveforms of the line currents and the neutral current with the ES
under the proposed RCD control. (b) Corresponding phasor diagram of the three-phase line current in Fig. 12(a). (c) Corresponding phasor diagram of the
symmetrical-component currents in Fig. 12(b).
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Fig. 13.  Simulation results for case F with the ES deactivated. (a) Steady-state waveforms of the line currents and the neutralcurrent without the activation of the
ES. (b) Corresponding phasor diagram of the three-phase line current in Fig. 13(a). (c¢) Corresponding phasor diagram of the symmetrical-component currents in
Fig. 13(b).

case B, the vertex of the circular paraboloid function in (11), and the data of case B in Table I into (11) gives
according to (13) and (14), is located at
Pcs - Pcsa+Posl)+Pesc

(Pspaty Qsvar) = (—K2 /2Ky, =Ky /2K3) 32) = KiPoyal® + KsQspar® + KoPoal + KiQs bl + K5

= (917 W, 167 VAr) . = —198.08 W. (33)

This is the optimum operating point, at which the ES delivers Fig. 16(a) shows the simulated value of the ES ac-
a minimum active power to the system in case B. Putting (32) tive power on each phase and the sum of these powers
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under the proposed RCD control. (b) Corresponding phasor diagram of the three-phase line current in Fig. 14(a). (c) Corresponding phasor diagram of the

symmetrical-component currents in Fig. 14(b).
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Steady-state simulation waveforms of the ES voltage on each phase with the ES under the proposed RCD control. (a) Case B. (b) Case F.
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the RCD control.
(P,s = Pya + P, + P..) for case B. It indicates that the to-

tal active power delivered from the ES to the power system is
198.24 W when the RCD method is employed. The simulated
active power of the ES (198.24 W) is closed to the analyti-
cal calculation (198.08 W). The simulation results of case F is
shown in Fig. 16(b), which shows that the ES delivers nearly
zero active power (0.93 W) to the system with the proposed
RCD method. This is in line with the analysis in Section III-
B. The two simulations verify that the ES active power can be
either minimized (in case B) or eliminated (in case F), during

the process of restoring power balance under the proposed RCD
control method.

C. Experimental Validation

The parameters in case A in Table I are adopted. Both simu-
lation and experiment are performed based on the power stage
shown in Fig. 17, where a three-phase three-leg bidirectional
power converter is chosen as an ES. In the simulation, the dc
bus of the converter is connected to two series-connected ideal
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experiment in Section I'V-B.

TABLE II
PARAMETERS OF THE SIMULATION AND THE EXPERIMENT IN SECTION IV-C

Control circuit of the ES adopted in the PSIM simulation and the
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Description Parameter Value
MOSFET switches S1-S6 IRFP31N50L
(use ideal NMOS in simulation.)
Storage capacitors Cy,Cy 6 pes of 1500-pF capacitors
Filter capacitor Cloi 132 uF
Filter inductor Ly 500 pH
Batteries LC-R127R2NA (18 pcs in series)
(use ideal DC source in simulation.)
Switching frequency fsw 20 kHz

dc sources Vpc1 and Vpco and the MOSFET switches S7—Sg
are configured as ideal NMOS without parasitic resistance and
capacitance. The control circuit of the ES adopted in the simu-
lation is shown in Fig. 18. It is connected to the circuit shown
in Fig. 9. In the experiment, the two ideal dc sources Vp 1 and
Vb2 are realized with 18 units of serially connected 12-V lead-
acid batteries. A digital signal processing (DSP) controller Texas
Instrument TMS320F28069 is used to implement the control.
The control depicted in Figs. 9 and 18 is digitally implemented
inside the DSP controller using C programming. The system
parameters are given in Table II. The actual experiment setup is
shown in Fig. 19.

The simulation and the experiment waveforms of the line and
the neutral currents with the ES being deactivated are shown in
Fig. 20. The magnitude of the line currents in the experiment are
measured using the built-in power analyzer inside the ac power

Fig. 19. Actual experimental setup. [1: DC bus power analyzer (XiTRON
2801), 2 and 3: System current measurement setup (Tektronix MSO-3034, Tek-
tronix TCPA300 and Tektronix TCP312) , 4: System power analyzer (Voltech
PM6000), 5: ES voltage measurement setup (Tektronix MSO-3034 and Pico
Technology TA042), 6: Three-phase eESs, 7: DSP ES controller, 8: Lead-acid
battery bank, 9: Resistive NC load banks, 10: Inductive critical loads, 11: Resis-
tive critical load banks, 12: The power cable from the output of the AC power
source (California Instruments CSW5550)].
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Fig. 21.  Simulation and experiment waveforms and the measurement of the system line currents with the activation of the ES under the RCD control in case A.
(a) Simulation waveforms. (b) Experiment waveforms. (c) Experiment measurement.

source (California Instruments CSW5550) and acquired through
the Ethernet interface. The readings are shown in Fig. 20(c).
It shows | I, | = 5.121 A, |Ig,| = 4.557 A, and || = 4.047 A.
The simulation and experiment waveforms of these line currents
are shown in Fig. 20(a) and (b), respectively.

waveforms after the activation of the ES is shown in Fig. 21(a)
and (b),respectively. Fig. 21(c) shows that the magnitude of
the experimentally measured line currents are |Ig,|=4.484 A,
|Ig,| =4.436 A and |I;.| =4.408 A. The measured active and ap-
parent power of the system are Py, = 979 W, P, =969 W, and

Next, the required ES voltages, according to the FP,.=963W and |Ss.|= 986 VA, |Ss,|=976 VA, and |S..|=
proposed RCD method in Section III-B, are calcu- 970 VA. These active and apparent powers are all nearly equal
lated as |Viga|ZOosa = 71.562/ — 0.662V, |Vos,|Z0es, = among the three phases. The results indicate that the neutral cur-

124360V, and |Vese| £L0esc = 54.15022.193 V. The ES is op-
erated with the calculated ES voltage and their voltage wave-
forms are shown in Fig. 22(a) (simulation) and (b) (experiment).
The simulation and experiment line-current and neutral-current

rent can be mitigated to nearly zero and the line currents can be
regulated to be symmetrically balanced. This validates experi-
mentally that the proposed RCD method can achieve three-phase
power balancing.
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TABLE III
MEASURED ELECTRICAL PARAMETERS OF THE ES

Description Phase a Phase b Phase ¢
ES RMS voltage (V) 71.427V 12.559 v 54.181 V
ES RMS current (A) 1.7416 A 2.1258 A 2.5923 A
ES apparent power (VA) 1244 VA 26.698 VA 140.46 VA
ES power factor 0.6261 0.9983 —0.7437

ES Voltage (V)
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Fig. 22.  Simulation and experiment waveforms of the ES voltages deter-

mined by the proposed RCD approach in case A. (a) Simulation waveforms.
(b) Experiment waveforms.

The magnitude of the ES voltages, the magnitude of the smart-
load currents, the ES apparent power and the power factor of the
ES on each phase are measured using a power analyzer (Voltech
PM6000). The results are shown in Table III. The total active
power delivered by the ES (FP,s) can be calculated as

Pos = Poga + Pest + Pesc
= |Sesa| PFesa + [Sest | PFest, + [Sesc| P Fose
=124.4 x 0.6261 + 26.698 x 0.9983
+ 140.46 x (—0.7437)
=0.079351 W

(34)

where PFis,, PF.q,, and PF,g. are the power factor of the ES
on phase a, b, and c, respectively, and |Sesa |, [Sesn |, and | Sesc|
are the apparent power of the ES on the corresponding phase.
The measured ES active power is closed to zero, which con-
firms that the proposed RCD method can control the ES such
that it does not deliver active power to the grid while achieving

7649

three-phase power balancing. Note that in the hardware imple-
mentation, a certain amount of active power is delivered to the
power converter from battery storages to compensate the power
loss of the power converter (P.soss). The amount of active
power delivered from batteries (FP.s_q.) is measured by a power
analyzer (Xitron 2801) as Py g, = 21.52 W. Since the ES is
handling 1415-W power (the amount of the three-phase smart-
load active power), the power loss of the ES is accounted to
be around 1.5% of the smart-load active power. Although the
amount of Py 4. is relatively small, its nonzero value means that
a small energy storage is still required. Alternatively, a possible
work-around solution is to slightly adjust the phase of the three-
phase ES voltage such that P, _j. can be mitigated to zero. This
will result in a slight power imbalance among the three phases,
which is typically acceptable in practice.

V. CONCLUSION

This paper presents an in-depth analysis and a control strat-
egy for electric springs (ESs) to mitigate the negative-sequence
and the zero-sequence currents in three-phase unbalanced power
systems. The proposed control method is based on the radial-
chordal decomposition approach, which allows precise calcula-
tion of the required ES voltage on each phase such that 1) the
ES can restore the power balance and 2) the active power deliv-
ered from the battery storage can be minimized. Simulation and
experimental results are provided to verify the validity of the
proposed control scheme. This method can be potentially devel-
oped to include more advanced and multifunctioning controls
such as power factor improvement and harmonic elimination.
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