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Decoupled Power Angle and Voltage

Regulation Modes for Electric Springs

Abstract

In this paper, a control method called radial-orbital decomposition (ROD) control is proposed for controlling the

voltage of electric springs (ES). The proposed control method decomposed the ES voltage into two components. The

radial component can be used in grid voltage regulation in the future smart grid while the orbital component can be

used to improve the power factor of the non-critical load that is connected in series with the ES. As a result, the grid

voltage regulation and the power factor improvement can be done independently and simultaneously. A two-kilowatts

laboratory-scale experiment was done to verified the proposed control method.

I. INTRODUCTION

The energy crisis is one of the major concerns in the human society due to the running out of available energy

resources in coming decades [1]. In addition, the exhaustive use of carbon-based fossil fuels, such as coal, natural

gas, and petroleum, for the generation of electricity causes the global warming and climate change [2]. Furthermore,

the society doubts the reliability and the safety of nuclear energy after the Fukushima Daiichi nuclear disaster in

Japan in 2011 [3]. Thereby, the governments worldwide impose policies on urging the power companies to use

renewable energy sources [4]–[6] such as, wind, solar, geothermal and ocean wave energy for the replacement. The

expended penetration of using renewable energies for power generation leads to a new revolution in the power grid

system in the future.

Traditionally, the power companies manage and control the electricity power generation. The power always flows

from generation sides to demand sides. In the future smart power grid arrangement, the adoption of the renewable

energy sources for power generation causes two uncertainties. First, the renewable energy sources are decentralized

and distributed all over the electricity network. Hence, the power companies lost the controllability on those energy

sources. Second, the amount of energy of those intermittence renewable energy sources, such as wind and solar, is

unpredictable. Those two issues can cause the power unbalance between the power generation and consumption,

which can lead to the instability problem.

Based on the above mentioned problems, one of the possible solutions is to use the demand side management in

which the power consumption of loads can adaptively follow the power generation profile. The ways of implementa-

tion of such approach are briefly summarized as follow: 1) scheduling of delay-tolerant power demand tasks [7]–[9],

2) real-time pricing [10]–[12], 3) use of energy storage to alleviate peak demands [13] and 4) direct load control or

on-off control of smart loads [14]–[16]. Some drawbacks and imperfects are found in those approaches. Methods

1) and 2) are used for reducing the predicted peak load demand but it cannot be used for balancing the power

generation and consumption in real time. Method 3) is an effective way but it is an expensive option. Method 4)

can adjust the loads to follow power consumption but it requires information communication technologies.
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Recently, a new technology, called electric springs (ES), has been introduced, which is a power electronic device

integrated into non-critical loads (such as thermal heaters) to form a smart load [17]. The smart load can either

generate or absorb reactive powers in order to solving the grid voltage instability problem due to the frustration of

intermittence renewable energies. The load shedding is inherently existed feature in the smart load such that the

demand side management approach is adopted. The electronic springs can also be embedded with battery storages in

such a way that both active and reactive power can either generate or absorb, where the power electronic device used

is called the series-connected active-reactive- power-compensation electric springs (PQ-ES) [18]. Research activities

are still being done in order to explore the possible functionalities and optimum control methods. However, there is a

optimization problem on finding a suitable method for controlling the active and reactive power flows cooperatively

on the smart load implemented by the PQ-ES.

In this paper, a new control methodology, called the radial-orbital decomposition (ROD) control method, is

proposed. The power amplitude and power angle of the ES-controlled smart load can be controlled independently

by adopting this ROD control method. This proposed ROD methodology can be used to control the electrical

parameters, such as smart load power factor, smart load apparent power, grid voltage, etc.

A two-kilowatts laboratory-scale experiment was done to verified the proposed control method. The experiment

used an PQ-ES connected to an resistive-inductive non-critical load to form a smart load. It is validated that the

power factor of the smart load can be improved by using the orbital-controlled ES while the grid voltage regulation

can be conducted by using the radial-controlled ES. Both radial and orbital control scheme can be performed

simultaneously and independently in one ES.

II. DECOMPOSITION OF ES VOLTAGE

Figure 1 shows an illustrative electrical system diagram in which a power source with a voltage |Vg| ̸ θg , which

represents a supply side voltage source is transferring power |Sg |̸ ϕg = Pg + jQg to the load side through a

transmission line with an impedance |Zt| ̸ ϕt = Rt + jXt. The load side, which has a power |Ss| ̸ ϕs = Ps + jQs,

contains a combination of impedance loads |Zi |̸ ϕi and electric springs (ES). Hence, |Ss| ̸ ϕs can be adaptively

changed according to the variation of |Vg| with a proper control of the ES voltages. In the above description and

our later analysis, all phasor angles denoted as θ and φ are referenced to the grid voltage phasor |Vs| ̸ 0. All

phasor angles denoted by ϕ are power angles representing the displacement angle between the described voltage

and current phasors.

The operating principle of the electric string is that if the magnitude of the supply side voltage |Vg| drops (rises),

the adjustment of the ES voltage causes the load side power consumption and/or the voltage drop of the transmission

line |Vt| reduced (rose) in a way to keep the magnitude of the grid voltage |Vs| unchanged [17].

Figure 2 indicates one of the possible electric spring configurations where the electric spring and a non-critical

load |Z1| ̸ ϕ1 are connected in series, formulating a smart load. The voltage of the ES, namely |Ves| ̸ θes, can be

controlled through a feedback system. This is defined as a “series-connected voltage-controlled electric spring”.

Another load tied to the grid directly is defined as critical load |Z2 |̸ ϕ2, in which the power consumed by this

load cannot be controlled by the electric spring. The smart load and the critical load has a power |Ss1| ̸ ϕs1 and

|Ss2 |̸ ϕs2 respectively. The relationship between the load side voltage (the grid voltage), the electric spring voltage

and the non-critical load voltage is
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ES +

Supply Side Transmission Line Load Side

Fig. 1. Illustrative electrical system with electric springs installed.

Smart Load

ES

Fig. 2. A series-connected voltage-controlled ES with a series-connected constant impedance non-critical load and a critical load that is in

parallel with both the ES and the non-critical load.

|Vs |̸ θs = |Ves| ̸ θes + |Vo| ̸ θo. (1)

We assumed that the non-critical load (|Z1 |̸ ϕ1) is connected to the electric spring in series to formulate a smart

load as shown in Fig. 2. The magnitude of the non-critical load voltage |Vo| can be larger or smaller than that of the

grid voltage |Vs|. Also, the voltage phasor |Vo |̸ θo can either lead or lag the voltage phasor |Vs| ̸ θs. Two possible

arbitrary phasor diagrams representing Eq. (1) are shown in Fig. 3(a) and Fig. 3(b). In our analysis on this section,

we assumed the root mean square value of the grid voltage (|Vs|) is unchanged and is equal to |Vs Ref |. In order

to analyze the operating principle of the electric spring, we decompose |Ves |̸ θes into two components such that

|Ves |̸ θes = |Veso| ̸ θeso + |Vesr| ̸ θesr (2)

where |Veso| and |Vesr| are the magnitude of the two decomposed ES voltage components namely the orbital

component and the radial component, respectively. Consequently, θeso and θesr are respectively the displacement

angles of the two decomposed components, with reference to |Vs| ̸ θs.

In this decomposition arrangement, the radial component |Vesr| ̸ θesr is either in phase (as shown in Fig. 3(a)) or

anti-phase (as shown in Fig. 3(b)) with the non-critical load voltage |Vo| ̸ θo such that the equations for |Vesr| ̸ θesr
are
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(a) Vo leads Vs (θo > 0) and |Vo| < |Vs|.
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(b) Vo lags Vs (θo < 0) and |Vo| > |Vs|.

Fig. 3. An arbitrary state of the phasor voltages of Eq. (1). The ES voltage is decomposed into two components.

θesr =


θo for |Vo| < |Vs|

0 for |Vo| = |Vs| (No radial-ES)

θo − π for |Vo| > |Vs|

(3)

|Vesr| = ||Vo| − |Vs|| (4)

Therefore, the magnitude of the radial-ES voltage is generated in accordance with the magnitude of the non-

critical load voltage |Vo| and that of grid voltage |Vg| while the phasor angle of that is locked to follow phasor

angle of the non-critical load voltage θo.

Considering the orbital component, as shown in Fig. 3(a), the voltage phasor |Vo |̸ θo is leading the reference

voltage phasor |Vs |̸ 0 while the voltage phasor |Veso| ̸ θeso is lagging the reference voltage phasor |Vs| ̸ 0. On the

other hand, as shown in Fig. 3(b), the voltage phasor |Vo |̸ θo is lagging while the voltage phasor |Veso| ̸ θeso is

leading the reference voltage phasor |Vs |̸ 0. Hence, the polarity of the phasor angle θeso and θo are

θo > 0 and θeso < 0 for |Vo| ̸ θo leads |Vs| ̸ 0

θo = θeso = 0 for |Vo| ̸ θo = |Vs |̸ 0 (no orbital-ES)

θo < 0 and θeso > 0 for |Vo| ̸ θo lags |Vs| ̸ 0

. (5)

The absolute value of the angle θeso can be evaluated by considering the sum of the inner angles of the isosceles

triangle OAB indicated in Fig. 3(a) or Fig. 3(b).

π = ̸ OAB + ̸ OBA + ̸ AOB. (6)

This can be represented by the absolute value of the phasor angle θeso and θo
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π = |θeso|+ |θeso|+ |θo| (7)

which gives

|θeso| =
π − |θo|

2
. (8)

Combining Eq. (5) and (8), we have

θeso =


θo−π

2 for |Vo| ̸ θo leads |Vs| ̸ 0

0 for |Vo |̸ θo = |Vs| ̸ 0 (no orbital-ES)

θo+π
2 for |Vo| ̸ θo lags |Vs |̸ 0

. (9)

The |Veso| can be evaluated by using the cosine rule on the triangle OAB as

|Veso|2 = |Vs|2 + |Vs|2 + 2|Vs||Vs| cos θo. (10)

Simplifying Eq. (9) and (10), two functions,fθ−orbital(θo) and fV−orbital(θo), can be derived, which are used to

control the voltage magnitude and phasor angle of the orbital ES voltage, respectively. We have
θeso = fθ−orbital(θo) = −sgn(θo) · π−|θo|

2

Veso = fV−orbital(θo) =

√
2|Vs|2(1− cos θo)

for −π < θo < π (11)

where sgn(.) is defined as the sign function. Therefore, the orbital-ES voltage phasor is generated in accordance

with the phasor angle of the non-critical load voltage θo referring to the reference voltage phasor |Vs| ̸ 0.

III. EFFECT OF THE PROPOSED DECOMPOSITION METHOD

In grid voltage regulation application, the smart load complex power can be adjusted adaptively by applying a

suitable ES voltage. It is important to study how the ROD control method affects the variation of the complex

power of the smart load. The complex power of the smart load |Ss1| ̸ ϕs1 can be represented by its apparent power

|Ss1| and its power angle ϕs1. The apparent power of the smart load, which is the magnitude of the vector sum of

real and reactive power, is also the product of its magnitude of the voltage and current, which gives:

|Ss1| = |Vs||I1| (12)

According to Fig. 3(a), the power angle of the smart load can be found by

ϕs1 = ϕ1 − |θo| for |Vo| ̸ θo leads |Vs| ̸ 0 (13)

According to Fig. 3(b), the power angle of the smart load is

ϕs1 = ϕ1 + |θo| for |Vo| ̸ θo lags |Vs| ̸ 0 (14)
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Using Eq. (5), Eq. (13)and Eq. (14), we deduce

ϕs1 = ϕ1 − θo for −π < θo < π (15)

Fig. 4. The illustration diagram for the ROD control method.

This section will verify that the smart load power angle and its apparent power (power amplitude) can be separately

controlled by the orbital-ES and radial-ES voltages, respectively, in the ROD control method. The illustration diagram

of the invented ROD method is shown in Fig. 4. The details of the analysis will be discussed as follows.

A. Effect of the Orbital-ES Component

In order to investigate how the orbital-ES component affects the system, consider a condition that the radial-ES

component is absent while the magnitude of the grid voltage is assumed equal to the nominal reference value

|Vs Ref |. The magnitude of the non-critical load voltage and the grid voltage are always equal under the orbital-ES

control scheme, which is

|Vs| = |Vo| = |Vs Ref |. (16)

We defined the reference apparent power |So Ref | is considered as the apparent power of the non-critical load

working at the nominal voltage |Vs Ref |, which gives

|So Ref | =
|Vs Ref |2

|Z1|
. (17)

Since the apparent power of the non-critical load in orbital-ES control scheme (where the radial component is

absent) is

|S1| =
|Vo|2

|Z1|
=

|Vs Ref |2

|Z1|
= |So Ref |, (18)

hence, the complex power of the non-critical load is

−→
S1 = |S1| ̸ ϕ1 = |So Ref |̸ ϕ1. (19)
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The current of the non-critical load (which is the same with the current of the smart load) is

|I1| =
|Vo|
|Z1|

=
|Vs Ref |
|Z1|

. (20)

Using Eq. (12), Eq. (16) and (20), the apparent power of the smart load can be written as

|Ss1| = |Vs||I1| =
|Vs Ref |2

|Z1|
= |So Ref |, (21)

hence, from Eq. (15) and (21), the complex power of the smart load is

−→
Ss1 = |Ss1 |̸ ϕs1 = |So Ref | ̸ (ϕ1 − θo). (22)

Consider that, initially, the orbital-ES is turned off, the angle θo is zero in accordance with Eq. (11). The complex

power of the smart load and the non-critical are equal if the angle θo is zero as indicated in Eq. (19) and (22).

After the orbital-ES is turned on and according to Eq. (22), the apparent power of the smart load keep unchanged

and is always equal to the reference apparent power |So Ref |. However, the power angle of the smart load changed

from ϕ1 to (ϕ1 − θo). Therefore, This proves that the apparent power of the smart load is always equal to the

reference apparent power and is independent of the orbital-ES voltage while the power angle of the smart load can

be adjusted by the orbital-ES voltage. The details of the effect on the smart load power angle and the complex

power are discussed as follows.

Fig. 5. The angle θo versus the angle θeso.

1) Variation on Smart Load Power Angle: Consider the power angle of the smart load ϕs1, Eq. (11) and (15)

imply that the angle ϕs1 and θo are controlled by the angle θeso. The angle θo versus the angle θeso is plotted in

Fig. 5 using Eq. (11). The positive change of the angle θeso causes the negative change of the angle θo and vice

versa. Combining Eq. (11) and (15) gives

ϕs1 = ϕ1 − sgn(θeso)(2|θeso| − π) (23)

To realize how the orbital-ES component controls the power angle of the smart load, three plots are shown in

Fig 6 using Eq. (23), which illustrates three example situations when the non-critical load is passive resistive load

(Fig. 6(a)), passive resistive-inductive load (Fig. 6(b)) and passive resistive-capacitive load (Fig. 6(c)). Therefore,

the above analysis shows that we can adjust the smart load power angle to a desired value using the orbital-ES

voltage without changing the apparent power of the smart load.
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(a) The non-critical load is resistive. (b) The non-critical load is inductive with

a power angle ϕ1.

(c) The non-critical load is capacitive with

a power angle ϕ1.

Fig. 6. The power angle of smart load versus the angle of the orbital component.

2) Variation on Smart Load Complex Power: In the view of the power conversation, the following power equation

will be hold in the orbital-ES component control

−→
Ss1 =

−→
S1 +

−−→
Seso. (24)

Since the complex power of the non-critical load is always unchanged in accordance with Eq. (19), the change of

the complex power of the smart load ∆
−→
Ss1 will be equal to that of the orbital-ES component ∆

−−→
Seso, which can

be expressed using Eq. (19) and (22), as

∆
−→
Ss1 = ∆

−−→
Seso = |So Ref | ̸ (ϕ1 − θo)− |So Ref | ̸ ϕ1. (25)

Therefore, the net change of the real and reactive powers of the smart load and those of the orbital-ES are

∆Ps1 = ∆Peso = Re{|So Ref | ̸ (ϕ1 − θo)} − Re{|So Ref |̸ ϕ1}

= |So Ref |[cos(ϕ1 − θo)− cos(ϕ1)]

= −2|So Ref | sin( θo2 ) sin
(

2ϕ1−θo
2

) (26)

and
∆Qs1 = ∆Qeso = Im{|So Ref | ̸ (ϕ1 − θo)} − Im{|So Ref | ̸ ϕ1}

= |So Ref |[sin(ϕ1 − θo)− sin(ϕ1)]

= −2|So Ref | sin( θo2 ) cos
(

2ϕ1−θo
2

) (27)

To illustrate the effect of the orbital-ES on the variation of the smart load complex power, consider an example

that a resistive-inductive load with power angle ϕ1 is used as a non-critical load. Initially, the orbital-ES is turned

off. The complex power vectors of the non-critical load and that of the smart load are equal, which is shown in

Fig. 7(a), where those two power vectors overlap. After the orbital-ES is turned on, the positive change of the angle

θeso causes the negative change of θo as shown in Fig. 7(b). Hence, the power factor of the smart load increases to

|ϕ1|+ |θo| according to Eq. (14). As a result, the real power of the smart load reduced from Re(
−→
S1) to Re(

−→
Ss1),
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Ss1 2 lags
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Fig. 7. The changes of complex power vector of the smart load due to the effect of the orbital-ES component.

according to Eq. (26), while the reactive power of the smart load increased from Im(
−→
S1) to Im(

−→
Ss1), according

to Eq. (27). On the other hand, as shown in Fig. 7(c), the negative change of the angle θeso causes the positive

change of θo and hence the power angle of the smart load reduce to |ϕ1| − |θo| according to Eq. (13). Thus, the

real power of the smart load increased from Re(
−→
S1) to Re(

−→
Ss1) while the reactive power of the smart load reduced

from Im(
−→
S1) to Im(

−→
Ss1). Unlike the direct-quadrature (DQ) decomposition method [19], where the real and reactive

powers can be controlled independently using two DC state variables, the proposed orbital-ES component control

method adjust the real and reactive power of the smart load simultaneously in such a way that the the power angle

of the smart load can be controlled by the orbital-controlled ES.

B. Effect of the Radial-ES Component

Consider a condition that the orbital-ES component is absent and the grid voltage is assumed equal to the nominal

reference voltage |Vs Ref |. In the radial-ES control scheme, a voltage |Vesr| is generated by the ES. The voltage is

either in-phase or anti-phase with the non-critical load voltage such that θesr = θo or θesr = (θo−π), respectively.

Hence, the angle θo is zero. That is
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θo = 0 (28)

and also from Eq. (3),

θesr =


0 for |Vo ≤ |Vs|

−π for |Vo| > |Vs|
. (29)

Besides, from Eq. (15) and (28), we deduced the smart load power angle ϕs1 is always equal to the power angle

of the non-critical load ϕ1 in radial-ES control, which can be written as

ϕs1 = ϕ1. (30)

In our following analysis, we defined the voltage vector
−−→
Vesr as

−−→
Vesr =

{
+ |Vesr| for θesr = θo

− |Vesr| for θesr = (θo − π)
(31)

such that the magnitude of the non-critical load voltage is

|Vo| = |Vs Ref | −
−−→
Vesr. (32)

Using Eq. (32), the the smart load current is

|I1| =
|Vo|
|Z1|

=
|Vs Ref | −

−−→
Vesr

|Z1|

, (33)

hence, using Eq. (32) and Eq. (33), the apparent power of the smart load |Ss1|, the apparent power of the non-critical

load |S1| and the apparent power of the radial-ES component |Sesr| are

|Ss1| = |Vs Ref ||I1|

=
|Vs Ref |(|Vs Ref | −

−−→
Vesr)

|Z1|
;

(34)

|S1| = |Vo||I1|

=
(|Vs Ref | −

−−→
Vesr)

2

|Z1|
;

(35)

|Sesr| =
−−→
Vesr|I1|

=

−−→
Vesr(|Vs Ref | −

−−→
Vesr)

|Z1|
.

(36)

Assumed that the magnitude |Vesr| is ranged from 0 to |Vs Ref |, the complex powers of the smart load, the

non-critical load and the power of the radial-ES versus the vector
−−→
Vesr are plotted in Fig. 8. It is noted that the
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Fig. 8. The apparent power |Ss1| versus the vector
−−→
Vesr .

definition of the direction of those three complex power vectors follows the definition of the voltage vector
−−→
Vesr

indicated in Eq. (31).

When
−−→
Vesr = 0, The apparent power of the smart load |Ss1| and that of the non-critical load |S1| are equal

to the reference apparent power |So Ref |, while the complex power of the radial-ES component |Sesr| is zero,

where |So Ref | is defined in Eq. (17). When Vesr = −|Vs Ref |, the apparent power |Ss1|, |S1| and |Sesr| are

equal to 2|So Ref |, 4|So Ref | and 2|So Ref |, respectively. However,
−−→
Sesr is anti-phase with

−→
S1 and

−→
Ss1. When

Vesr = +|Vs Ref |, the apparent power |Ss1|, |S1| and |Sesr| are all equal to zero. Also, with reference to the figure,

the complex power
−→
Ss1 varies linearly with the voltage vector

−−→
Vesr.

In the above analysis we concluded that in the radial-ES control, the smart load power angle is always unchanged

and equal to the ϕ1 according to Eq. (30) while the apparent power of the smart load changed with the voltage

|Vesr| indicated in Eq. (34). The details on the effect on the change on the smart load complex power is discussed

as follows.

In the view of the power conversation, the relationship between those three complex powers is

−→
Ss1 =

−→
S1 +

−−→
Sesr. (37)

Using the similar analysis method on the Section III-A, the changes of the complex power on the smart load ∆
−→
Ss1,

the non-critical load ∆
−→
S1 and the radial-ES component ∆

−−→
Sesr are
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∆
−→
Ss1 =

|Vs Ref |(|Vs Ref | −
−−→
Vesβ)

|Z1|
̸ ϕ1 − |So Ref |̸ ϕ1

= −
−−→
Vesr · |Vs Ref |

|Z1|
̸ ϕ1

(38)

∆
−→
S1 =

(|Vs Ref | −
−−→
Vesr)

2

|Z1|
̸ ϕ1 − |So Ref |̸ ϕ1

=
(|Vs Ref | −

−−→
Vesr)

2 − |Vs Ref |2

|Z1|
̸ ϕ1

(39)

∆
−−→
Sesr =

−−→
Vesr(|Vs Ref | −

−−→
Vesr)

|Z1|
̸ ϕ1 − 0

=

−−→
Vesr(|Vs Ref | −

−−→
Vesr)

|Z1|
̸ ϕ1

(40)
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(c) The magnitude of the vector
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|So Ref | when
−−→
Vesr is negative.

Fig. 9. The changes of complex power vector of the smart load due to the effect of the radial-ES.

To illustrate the effect of the radial-ES component on the variation of the smart load powers, consider an example

that a non-critical resistive-inductive load with power angle ϕ1 is used as a non-critical load. Initially, the radial-ES
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is turned off. The complex power vectors of the non-critical load and that of the smart load are equal, which is

shown in Fig. 9(a). After the radial-ES is turned on, the positive change of the vector
−−→
Sesr causes the decrease in

the magnitude of the vector
−→
Ss1 as shown in Fig. 9(b). Hence, the apparent power of the smart load decreases. As

a result, the real and reactive powers of the smart load reduced from Re(
−→
S1) to Re(

−→
Ss1) and Im(

−→
S1) to Im(

−→
Ss1),

respectively. On the other hand, as shown in Fig. 9(c), the negative change of the vector
−−→
Sesr causes the increase

in the magnitude of the vector
−→
Ss1. Thus, the real and reactive powers of the smart load increased from Re(

−→
S1)

to Re(
−→
Ss1) and Im(

−→
S1) to Im(

−→
Ss1), respectively. It is noted the power angle of the smart load is maintained at

unchange during the radial-ES control. Similar to the orbital-ES control, both the real and reactive power of the

smart load change simultaneously in radial-ES control scheme.

IV. EXPERIMENTAL RESULTS

The Experiment is divided into two parts. In part one, the steady-state timing waveforms of the system is analyzed.

Different radial and orbital ES voltages are applied to the system to validate the characteristic of the proposed ES

voltage decomposition method. In part two, the time random-varying supply side voltage is used. This experiment

is used to validate the ability of the ES regulating both the grid voltage and power angle of the smart load by the

proposed ES voltage decomposition method.

A. Part One - Steady State Timing Waveforms

Orbital
ES

Synchronization
Circuit

Orbital-ES
Controller

Fig. 10. The experiment setup of the orbital-ES control.

1) Orbital-ES Control Experiment: The purpose of this experiment is to explore the characteristic of the system

with an orbital-ES installed. The experiment setup is shown in Fig. 10, in which the grid voltage is maintained at

constant |Vs Ref | = 220 V ̸ 0◦ at 50 Hz and the reference angle θo Ref is used to control the phase and voltage

of the orbital ES voltage in an open loop manner. The orbital controller is used to generate a control signal to

the orbital-ES with a reference input signal θo Ref implemented using Eq. (11). The impedance of the non-critical

load is R1 + jX1 = 51.35 + j38.51Ω with a power angle 36.87◦, in which the displacement power factor is

cos(36.87◦) = 0.8. At the beginning of the experiment, the ES is turned off. It is expected that with the ES turned

off, the apparent power of the smart load is

−→
Ss1 = |Ss1| ̸ ϕs1 =

2202

|51.35 + j38.51|
̸ (36.87◦) = 754 VA̸ 36.87◦. (41)
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Fig. 11. The ES is turned off. (Yellow: non-critical load voltage,Vo(t); Blue: smart load current,Is1(t); Red: grid voltage,Vs(t); Green: ES

voltage,Ves(t))

(a) The orbital-ES is turned on by setting

θo Ref set to +10◦.

(b) The orbital-ES is turned on by setting

θo Ref set to −10◦.

Fig. 12. The steady-state timing waveforms of the system in orbital-ES control. (Yellow: non-critical load voltage,Vo(t); Blue: smart load

current,Is1(t); Red: grid voltage,Vs(t); Green: ES voltage,Ves(t))

The measured steady-state timing waveforms with ES turned off are shown in Fig. 11.

The orbital-ES is then turned on by setting the reference angle θo Ref set to +10◦. From Eq. (11), the corre-

sponding orbital-ES voltage is
θeso = fθ−orbital(+10◦) = −sgn(+10◦) · 180◦−|+10◦|

2 = −85◦

Veso = fV−orbital(+10◦) =

√
2|220|2(1− cos(10◦)) = 38.3 V

. (42)
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From Eq. (22), the complex power of the smart load is

−→
Ss1 = |Ss1| ̸ ϕs1 =

2202

|51.35 + j38.51|
̸ (36.87◦ − (10◦)) = 754 VA̸ 26.87◦. (43)

Fig. 12(a) shows the measured waveforms and data, the non-critical load voltage leads the grid voltage while

the magnitude of them are maintained at around the nominal reference voltage 220 V, which follows Eq. (16). The

measured apparent power of the load is 757.9 AV, which is in line with Eq. (43) (less than 1 % error) and is the

same with that before the orbital-ES turned on. The measured power factor of the smart load changed to 0.891,

hence the power angle is arccos(0.891) = 27◦, which is closed to the calculated value 26.87◦. The observation is

in line with Eq. (22).

On the other hand, if the reference angle θo Ref set to −10◦. From Eq. (11), the corresponding orbital-ES voltage

is 
θeso = fθ−orbital(−10◦) = −sgn(+10◦) · 180◦−|−10◦|

2 = 85◦

Veso = fV−orbital(−10◦) =

√
2|220|2(1− cos(10◦)) = 38.3 V

. (44)

From Eq. (22), the complex power of the smart load is

−→
Ss1 = |Ss1| ̸ ϕs1 =

2202

|51.35 + j38.51|
̸ (36.87◦ + (10◦)) = 754 VA̸ 46.87◦. (45)

Figure 12(b) shows the measured waveforms and data, the non-critical load voltage lags the grid voltage while the

magnitude of them are maintained at around 220 V, which follows Eq. (16). The measured apparent power of the

load is 749.6 AV, which is in line with Eq. (45) and is around the same with that before the orbital-ES turned on.

The measured power factor of the smart load changed to 0.690, hence the power angle is arccos(0.690) = 46.4◦.

This is in line with Eq. (19) and (22).

The above experiment revealed that the power angle of the smart load can decrease from 36.87◦ to 26.87◦ if

the orbital-ES is turned on by setting a positive angle θo Ref = +10◦. Similarly, the power angle of the smart load

can increase from 36.87◦ to 46.87◦ if the orbital-ES is turned on by setting a negative angle θo Ref = −10◦. The

apparent power of the smart load can be maintained at constant 754 AV when the power angle changes. The results

are in good agreement with the discussion in Section III-A.

Radial

ES

Synchronization

Circuit

Radial-ES

Controller

Fig. 13. The experiment setup of the radial control.

2) Radial-ES Control Experiment: The experiment setup for the radial-ES control is shown in Fig. 13. The output

of the radial-ES controller is used to control the radial-ES voltage with a reference voltage Vesr Ref . The phasor
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angle of the radial-ES voltage is synchronized with the non-critical load voltage (either in-phase or anti-phase). The

grid voltage and the non-critical load impedance are the same with the Section IV-A1 such that the initial complex

power of the smart load before the ES turned on is follows Eq. (41).

(a) The radial-ES is turned on and its voltage

is +50 V with a voltage in-phase with the

non-critical load voltage.

(b) The radial-ES is turned on and its voltage

is -50 V with a voltage anti-phase with the

non-critical load voltage.

Fig. 14. The steady-state timing waveforms of the system in radial-ES control. (Yellow: non-critical load voltage,Vo(t); Blue: smart load

current,Is1(t); Red: grid voltage,Vs(t); Green: ES voltage,Ves(t))

The radial-ES is then turned on and its voltage is at +50 V ̸ 0◦ by setting Vesr Ref = +50 V. The non-critical

load voltage is in-phase with the grid voltage. The magnitude of the non-critical load voltage changed to around

170 V. From Eq. (30) and (34), the complex power of the smart load is

|Ss1| ̸ ϕs1 =
220(220− 50)

|51.35 + j38.51|
̸ 36.87◦ = 582 AV ̸ 36.87◦. (46)

Figure 14(a) shows the measured waveforms and data, the measured apparent power of the smart load decreased

to 575.1 VA, which is around the same with the calculated result shown in Eq. (46). The measured power factor

is 0.809 which is around the same with that before ES turned on.

In contrast, Fig. 14(b) shows the simulated waveforms, in which the magnitude of the radial-ES voltage is

−50 V ̸ 0◦ by setting Vesr Ref = −50 V. The non-critical load voltage is anti-phase with the grid voltage. The

magnitude of the non-critical load voltage changed to 270 V. From Eq. (30) and (34), the complex power of the

smart load is

|Ss1| ̸ ϕs1 =
220(220 + 50)

|51.35 + j38.51|
̸ 36.87◦ = 925 AV ̸ 36.87◦. (47)

Figure 14(b) shows the measured waveforms and data, the measured apparent power of the smart load increased
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Synchronization

Circuit

Fig. 15. The simplified schematic for the ROD regulation control.
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Fig. 16. The simplified electrical system for the simulation with a time varying supply side voltage.

to 951.1 VA, which is around the same with the calculated result shown in Eq. (47). The measured power factor

is 0.811 which is around the same with that before ES turned on.

The above experiment revealed that the apparent power of the smart load can decrease from 754 AV to 582 AV

if the radial-ES is turned on with a positive voltage +50 V ̸ 0◦. Similarly, the apparent power of the smart load

can increase from 754 AV to 925 AV if the radial-ES is turned on with a negative voltage −50 V ̸ 0◦. On the

other hand, the power factor of the smart load can be maintained constant at around 0.8 when the apparent power

changes. The results are in good agreement with the discussion in Section III-B.

B. Part Two - Time-Varying Supply Side Voltage

This part of the experiment validates the proposed ROD control method for ES can regulate the grid voltage

and power factor of the smart load independently when a time-varying supply side voltage is present. The control

schematic in this experiment is shown in Fig. 15. The configuration of the emulated power system is shown in
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Fig. 17. Simulation waveforms with a time varying supply side voltage. (In the second figure: Red: ES voltage; Blue: Non-critical load voltage)

Fig. 16. The transmission line impedance is chosen to be Zt = (2 + j6.28)Ω. The critical load resistance is

chosen to be Z1 = 76.90Ω, which consume a nominal real power of 629.39 W at |Vs| = 220 V . In order to

realize the displacement power factor correction ability of the orbital-ES, an inductive load with an impedance of

Z1 = (51.73+j40.72)Ω is used, which consume a nominal real power of 578.22 W at |Vs| = 220 V . The objective

of this experiment is to validates the orbital-ES can be use for improving the power factor of this power system

while the radial-ES is used to regulate the grid voltage.
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The nominal supply side voltage is found by

|Vg|nom = 220
|(Z1 ̸ ϕ1//Z2 ̸ ϕ2) + Zt ̸ ϕt|

|Z1 ̸ ϕ1//Z2 ̸ ϕ2|
(48)

which gives,

|Vg|nom = 249.8 V (49)

The supply side voltage fluctuations, simulating the situation of the future smart grid system with a large portions

of intermittence power sources installed, is emulated by a random voltage source ∆Vg where the magnitude randomly

changes from -5 V to 5V, such that the magnitude of the supply side voltage will vary randomly and hence

|Vg| = |Vg|nom +∆Vg (50)

The experiment is divided into four durations. From t = 0 to 300 s, the ES is turned off. From t = 300 to 600 s,

the ES with orbital control is turned on with the reference angle θo Ref is set to 10◦. From t = 600to 900 s, the ES

with radial control is turned on with a grid reference voltage is set to 220 V. During t = 900 to 1200 s, both the

orbital and radial controls are combined. The reference angle θo Ref is set to 10◦ while the grid reference voltage

is set to 220 V.

The experiment result is shown in Fig. 17. From t = 0 to 300 s, the ES is turned off. The grid voltage Vs is

unregulated and the power factor of the smart load is

cos(ϕ1) = cos

[
arctan

(
40.72

51.73

)]
= cos(38.2◦) = 0.786. (51)

From t = 300 to 600 s, the orbital ES is turned on. The grid voltage Vs is still kept unregulated but the power

angle of the smart load improved by 10◦. hence, the power factor of the smart load, according to Eq. (15) is

cos(ϕs1) = cos(ϕ1 − θo) = cos(38.2◦ − 10◦) = 0.881. (52)

From t = 600 to 900 s, the ES is turned on with radial control. The grid voltage is regulated at 220 V. Since

the phase of the radial ES voltage is either in-phase or anti-phase with the non-critical load voltage such that the

power factor of the smart load is not affect and is maintained at 0.786. From t = 900 to 1200 s, the ES is turned

on with both the radial and orbital control. Both the power factor improvement and grid voltage regulation are

performed simultaneously. The power factor of the smart load can be improved to 0.881 while the grid voltage can

be regulated at around 220 V.

It is concluded that from t = 600 to 1200 s, the smart load apparent power is kept changing along with the

fluctuation of the supply side voltage in such a way that the load shedding or boosting can be achieved. Furthermore,

from t = 300 to 600 s and t = 900 to 1200 s, the power factor of the smart load can improved from 0.786 to 0.881.

As a result, the grid voltage regulation process can be done by using radial ES control while the power quality of

this power transmission system will not be affected by the regulation process using orbital control.
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