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Abstract

This paper presents the idea of a smart load that can adjust the input power flow based on the intermittent power available from
RESs (Renewable Energy Resources) to regulate the line voltage, and draw a constant power from the grid. To this effect, an
innovative power flow controller is presented based on a Resistive ES (Electric Spring) in combination with a PEAT (Power
Electronics based Adjustable Transformer), which can effectively shape the load power flow at the subnetwork level. With a PEAT
incorporated in the step down transformer at the grid side, the proposed controller can supply non-critical loads through local RESs,
and the critical loads can draw a relatively constant power from the grid. If there is an abundance of power produced by the RESs,
the controller can supply both non-critical loads and critical loads through the RES, which significantly reduces the power demand
from the grid. The principle, practicality, stability analysis, and controller design are presented. In addition, simulation results show
that the power flow controller performs well in shaping the load power flow at the subnetwork level, which decreases the power
demand on the grid. Experimental results are also provided to show that the controller can be realized.

Key words: Electric spring, microgrid, Power electronics based adjustable transformer, Power flow control, Renewable energy

sources

I.  INTRODUCTION

Electrical power generation using non-fossil fuel RESs has
received a lot of interest in recent years. However, one of the
active areas of research is mitigating the impact of the
intermittent nature of RESs on the grid. These fluctuations in
energy generation, when added to fluctuation of the load
demand on the distribution side, lead to instabilities in the
grid [1]. Conventional techniques, such as droop control,
exist for voltage regulation due to fluctuations in demand.
However, due to line impedance imbalances in the grid,
conventional droop control cannot achieve power sharing. To
improve load sharing accuracy, a high gain angle droop
control method can be adopted [2]. However, this is not
enough to compensate for added fluctuations due to the
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intermittent power generation of RESs. The high droop gain
results in poor power quality [3], and droop control is no
longer sufficient [4]-[6].

The storage of excess energy has been explored in depth in
auxiliary storage plants such as batteries [7], [8], fuel cells
[9]-[11], superconducting magnetic energy storage [12], [13]
and ultra-capacitor energy storage [14]. This excess energy can
then be used to compensate for an increase in demand on the
load side when the RESs are not able to provide energy due to
their intermittent nature. However, this methodology is limited
due the costs associated with the available technologies, as well
as their environmental impact [15], [16].

In addition to droop control and energy storage on the
generation side to mitigate the impact of the energy fluctuations,
an alternative is to consider the DR (Demand- Response) by
varying the demand based on availability [17], [18]. This has a
promising economic feasibility and may play an increasingly
important role in the energy efficiency of grid power. Based on
the required communication technology, DR implementations
can be categorized into communication based load varying
methods [19], [20] and direct measurement based load varying
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methods. For the former, the performance depends on reliable,
highly efficient and secure communication which requires a
complex and expensive infrastructure. The latter only
requires a sparse communication network, e.g. ES (Electric
Spring) [21]~[29], that adopts the demand side management
control method where the load demand follows the power
generation. Electric Spring uses a principle analogous to
Hooke’s law for a ‘mechanical spring’ in the electric regime.
Just as a mechanical spring system that is able to: i) provide
mechanical support, ii) store mechanical energy, and iii)
dampen mechanical oscillations; an ES can: i) provide
electric voltage support, ii) store electric energy, and iii)
dampen electric oscillations [23]. Fig. 1 shows one kind of
ES topology and its control scheme. The error of the line
voltage V, and the reference voltage V|  is fed to the PWM
power inverter controller to regulate the ES output voltage V.,
in an effort to maintain V, at its normal value. When V, is
lower than V, rr, Ves increases to keep V, equal to V| s and
vice versa. The ES and the non-critical load (voltage
insensitive, such as a water heater) that it controls form a
smart load [22] that can adaptively consume power according
to the available intermittent power generation. However, the
study of ES is relatively new, and many of its application
issues have not been addressed yet. In present studies, an ES
is used as a local control that can regulate the voltage and
power at the device-level. However, it cannot shape the
available power from the generation side. This may lead to
improper power distribution at the subnetwork level.

This paper augments research on the ES and proposes a
method for power flow control based on a resistive ES and a
PEAT. The PEAT acts as a power flow controller that can
shape the available power generation provided for a
subnetwork by embedding it in a step down transformer
[30]-[32]. The power flow controller, which only needs a
sparse communication network, can be designed to shift most
of the RES fluctuating power to non-critical loads (such as air
conditioners, heater units or mobile electric vehicle battery
chargers, where a slight delay in the availability of power
does not impact operation, which means that power
scheduling is possible). As a result, non-critical loads can be
powered by local RESs, or by excess power from the main
grid. The critical loads (such as lights and computers), which
are voltage sensitive and need to be on when required, are
mainly powered by the grid. If there is an abundance of

power being produced by RESs, the controller can supply
both non-critical loads and critical loads through RESS,
which significantly reduces the power demand for the grid.
This is a promising way to ease the tension of a grid power
supply to meet sudden and rapid increases of electricity
demand, or when the supply of energy from RESs suddenly
drops due to their intermittent nature. This proposed method
broadens the application scope of ES based systems by
utilizing them in shaping the power flow at the subnetwork
level.

This paper is organized as follows. Section Il introduces
the ES+PEAT based power flow system. Section I1l discusses
the practicality of this new methodology. Section IV provides
a system stability analysis. Section V presents the structure
and design of an innovative dual mode power flow controller.
Section VI shows the effectiveness of the proposed system
through an extensive simulation study. An experimental setup
is built and results from this experimental setup are provided
in Section VII. Finally, Section VIII provides conclusions
derived from the analysis, simulation studies and experimental
results.

Il. PRINCIPLES OF A RESISTIVE ES BASED
POWER FLOW CONTROLLER

In the proposed method, a PEAT is added to a network in
combination with a Resistive ES to form a power flow
controller. The combination of the global control of a PEAT
and the local control of a resistive ES makes it possible to
effectively shape the power flow at the subnetwork level with
simultaneous stabilization of the fluctuating line voltage. The
design principle of a PEAT is similar to that of the Power
Flow Controller (PFC) proposed by Majumder et al. [33].
However, unlike the PFC, a PEAT only modifies the in-phase
voltage at the output, and basically forms an electronic
version of a tap-changer [34]-[38]. The component cost of a
PEAT is lower than that of a PFC since it can be directly
designed using AC/AC converters (details can be found in
[39], [40]), which are compact in design and suffer from
lower dissipation losses. Fig. 2(a) shows one type of AC/AC
converter with a full-bridge 8-switch topology with key
waveforms, where V; and V, are the input voltage and the
output voltage, respectively. The switches S1~S4 convert full
wave line voltages to half wave line voltages, and the
switches S5~S8, modulated with a constant duty cycle,
convert this signal back to a full wave signal. The magnitude
of the output voltage can be modified by changing the duty
cycle at the switches S5~S8. In the conventional design,
AC/AC converters are used in combination with a buck-boost
transformer to form an electronic version of a tap changer as
shown in Fig. 2(b). This sort of implementation of a PEAT is
not feasible for its application in a Microgrid because of its
high cost. To make it more cost effective and feasible for
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Fig. 2. (a) Single phase full bridge AC/AC converter. (b) PEAT topology with a buck/boost transformer. (c) Modified PEAT design for
integration with a step down transformer, and an AC/AC module installed at secondary side. (d) Modified PEAT design for integration
with a step down transformer, and an AC/AC module installed at the primary side. (€) PEAT physical construction.

Microgrid applications, the integrated design of a PEAT at
the utility-side 10KV/400V step-down transformer is proposed.
Two possible implementations of such a combination are
considered here. The first is to implement an AC/AC
converter based tap-changer at the secondary side [Fig. 2 (¢)],
which is usually 400Vac. Instead of installing a separate
buck-boost transformer in this configuration, an additional
winding fraction of the secondary side is added to the existing
step down transformer. The voltages from this winding are
added to the output voltages using a bidirectional AC/AC
converter to modify the output voltages. This sort of PEAT
design requires a lower voltage, but higher current rating
switching devices, since the secondary side of the step down
transformer is generally highly dependent on the power rating
of the transformer. The second way is to implement the
PEAT on the primary side of the 10KV transformer using an

AC/AC converter [Fig. 2 (d)]. This method results in lower
conduction losses in the AC/AC converter. Hence, it is more
feasible in practical designs. Fig. 2 (e) shows the practical
construction of the proposed PEAT design, where a
detachable converter module is embedded into the step down
transformer through a retractable connector hose and a cable
hose.

The detachable converter module can be removed or
installed conveniently according to the usage requirements
and for maintenance purposes. In the absence of an AC/AC
converter the transformer can work as a conventional step
down transformer with automatic bypass switches installed in
the connector hose. The detailed implementation of a PEAT
will be reported in a future research.

The power flow control consists of two control levels. The
global control is designed to control the RES power and grid
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Fig. 4. (a) Line voltage V, curve when the source voltage Vs changes £10% by applying the inductive ES method; (b) active power P
curve when the source voltage V; changes £10% by applying the inductive ES method.

power supply at the generation side by changing the duty
cycle of the AC/AC converter. The local control regulates the
power flow at the device level using an ES. In the simple
system shown in Fig. 3(a), the power can be supplied through
a PEAT, which can be designed to modify the line voltage to
be within a range of 220V+5%. Then, the ES method is
applied to modify the power of non-critical loads and to keep
the power of critical loads stable. This section studies two
kinds of load varying methods in combination with a PEAT:
the inductive ES method and the resistive ES method.

Simplified single phase system diagrams are given in Fig.
3(b) and (c) for the inductive ES and resistive ES, respectively.
The grid side voltage at the output of the PEAT can be
approximated by an adjustable voltage source V; with a series
impedance jX.

The inductive ES is analyzed first. The load power
fluctuates with variations in the line voltage. In residential
distribution network systems, such as heating/cooling units,
can be considered as non-critical load [22]. V| . is the
nominal voltage reference and V, is the load terminal voltage
(Fig. 3 (c)). The ES device measures the voltage Vs at its
terminal and adjusts its impedance accordingly. Considering
the cost factor in ES implementations, the use of a battery [15]
is ruled out, and it is replaced with a capacitor. For the
different values of gain G in Fig. 3(b), the magnitude of the
ES voltage can be given as:

|Ves|:G(VI_ref _[VID 1)

Vs should be in quadrature with its current since the power
dissipation in the ES is zero. Furthermore, to protect the load
from over power, the ES is only allowed to shed load. When

2 0.8
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i /
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the PEAT output voltage exceeds the reference voltage, the
ES is deactivated and the load is directly connected to the
line.

An example is considered where the line inductance
X=0.1pu, the non-critical load resistance is 1pu, V| r is 1pu,
and V; is changes from 0.9pu to 1.1pu. The line voltage V,
and active power P based on different values of the gain G (0,
4,6, 10, 17.2) are shown in Fig. 4.

From Fig. 4 it can be observed that the ES can increase V,,
and decrease the active power by injecting voltage V.. When
G is larger, the line voltage V, is increased and the active
power P is reduced. When the source voltage V; is around
unity pu, the voltage increases and active power reduction is
not significant. However, when the source voltage is lower
than 0.95pu, the ES can regulate the voltage and power. This
is due to voltage restoration capability of the traditional ES
[21]-[23]. Hence, the conventional ES does not form a very
efficient power flow controller in combination with a PEAT.
However, it may be suitable to use an inductive ES in
situations where the load is located far from the distribution
transformer.

Next, a resistive ES is considered. The resistance of a
non-critical load is 1pu, and the controlled load resistance
value can be given by following equation Res = G(V)_rer-| Vi),
where G is the gain of the ES. The total load impedance is:

R:1+G(\47ref _|VI|) 2

The line voltage and active power in the resistive ES
method can be represented by the following equations:

Vi|=V.R/RZ + X2, &)
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Fig. 5. (a) Line voltage V, curve when the source voltage V;
changes £10% by applying the resistive ES method; (b) active
power P curve when source voltage Vs changes +10% by
applying the resistive ES method.
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Here, the line inductance is X=0.1pu, the reference voltage
V| rer is ONce again 1pu, and the controlled voltage V, changes
from 0.9pu to 1.1pu. The line voltage V, and the active power
P, based on different values of the gain G (0, 0.05, 0.1, 0.15,
1) are shown in Fig. 5. The line voltage V, is increased
slightly and Psis significantly reduced when V; is lower than
the reference voltage. In addition, the larger the value of G,
the larger the reduction in power becomes. Take V; of 0.95 pu
as an example. When G is 0.1, the active power Py is 0.4 pu;
and when G is 1, Ps is only 0.07 pu. It can be observed that
the active power reduction is significant for the resistive ES
method even when V; is around unity and it only slightly
modifies line voltage.

It is evident from Fig. 5 that the consumed power can be
adjusted by slight modifications of the PEAT voltages. Hence,
this combination of a resistive ES and a PEAT can be
effectively exploited to shape the power in the subnetwork.

I11. PRACTICALITY OF A RESISTIVE ES AND A PEAT

In the conventional approach to power management, the
power utility company is solely responsible for the delivery,
quality and cost of the electric supply, depending upon user
demand. The concept of the resistive ES+PEAT based control
is different from that of the conventional approach. In this
approach, the supplier and the consumer are supposed to
participate in the utilization of the supply in order to minimize
the losses and the costs of generation and transmission. The

concept of a smart load has been discussed in renewable
based systems [21]-[29]. However, since this is a new
methodology, it is necessary to discuss the feasibility of the
proposed method. A short discussion of the following attributes
of the proposed method has been provided in this section.
e  Power Quality on the grid when the resistive ES+PEAT
are inserted into the system.
e  Suitability of the proposed methodology for different
types of residential loads.
e  The costs associated with the proposed methodology.

The voltage standard for a critical load is specified in term
of voltage quality. It is described in terms of a voltage
regulation that should be within a +5% range of the nominal
value voltage flicker, which depends on fast fluctuations of
the voltages and voltage distortions. Voltage distortion is
measured as the total harmonic distortion, and is supposed to
be less than 5%. Since the PEAT does not add any distortion
to the voltage, it is not discussed any further. In the subsequent
section, a PEAT based control system will be designed in
such a manner that it will always keep voltages within the
bound of £5%. When input voltage varies beyond this range,
the PEAT works as voltage regulator rather than acting as a
power flow controller. However, the smart load responds
according to the voltage level and decreases the power
absorption if the voltages are lower than the nominal value.
As a result, it acts to minimize variations. Hence, the
insertion of an ES+PEAT keeps the voltage regulation within
the required bounds. However, the insertion of a PEAT
results in a flicker in utility voltages. The impact of the
flicker depends upon the behavior and variation in power
generation intermittency response. Considering the proposed
control of the ES+PEAT, it can be seen from Fig. 9 that
actual voltage ripple after the insertion of a PEAT is less than
2% which is well within the flicker standards set by [43], [44].

To discuss the suitability of the proposed methodology,
two aspects need to be considered.

i. The effects of the insertion of an ES+PEAT on the power
quality of critical loads.

ii. The selection and/or modification of the non-critical loads
to be used in the methodology.

As discussed in the paragraph above, the insertion of an
ES+PEAT in a system does not impact the power quality of
critical loads. However, one particular type of load commonly
used in utility grids warrants specific mention. This is direct
driven motors load like water pumps. The active power
transfer in these loads is sensitive to the phase angle between
the input and the internal voltage of an electric machine.
These loads are more sensitive to variations in the quadrature
voltage component of the line voltages when compared to the
in-phase component. The PEAT only modifies the in phase
component which will results in a slight change in the reactive
power of the motor. Once again, the PEAT is designed to
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produce fluctuations within +5% of the nominal value. No
significant power level variations are expected in the induction
motor or the synchronous motor loads.

The selection of non-critical loads is another very important
aspect for the suitability of the proposed methodology. If
certain loads cannot be directly used as non-critical loads, then
a path to the modification of these loads should exist. These
modifications, if cost effective, should make them suitable for
use as non-critical loads. Different types of residential loads,
such as battery chargers and environment control units like
air-conditioners and heater are discussed here.

Two kinds of intermittent sources, wind power and solar
power, and how they can impact the choice of non-critical
loads, are considered in this section. In the case of wind
power, the fluctuation in energy can vary in second to hour
range [45]. Hence, the lower bound for fluctuations ranges in
seconds. Therefore, for reasonable design, a smart load with a
response time of less than a second would be enough to divert
most of the wind power fluctuation of the load. In the case of
solar energy production, the fluctuations are relatively fast
and occur in range of a few hundred milliseconds. Here, a
more elaborate design is required, where super capacitors in
combination with a PEAT can be used to effectively deal
with the fast power fluctuations. This is currently being
investigated, and will be the subject of future publications.

Battery chargers can be converted into smart loads. Battery
chargers are designed with £10% to a 15 percent input range.
At the input stage of these units, a power factor correction
rectifier or a three phase bidirectional converter is used. These
systems have dynamic responses in tens of milliseconds. In this
way, they can easily be transformed to be used with an ES
with added control methods, which provides control for the
required response time.

Environment control systems form a very large proportion
of residential loads. These can be transformed to a resistive
ES by designing systems with a reasonable capacity to store
direct or indirect forms of heating / cooling, which can be
utilized according to consumer demand throughout the day.
For heating systems, one option is to store the heat in water
which circulates in a home through heat radiators. The energy
stored in the water is supplied by an ES system. Similarly,
conventional inverter driven air conditioning units can be
adapted for the proposed resistive ES, and the power variations
in these system can be accomplished through speed variation
and cooling throttle control, which are well established
technologies. Storage in chilled water can be adapted for these
systems, which is already used in the cooling system of large
buildings. Another way to form an air-conditioning system
suitable for a resistive ES is to use a desiccant based air
conditioning system. These kinds of air-conditioning systems
are becoming increasingly available for renewable option
since they can run directly on heat and indirectly store
cooling in the form of desiccant. Several thermodynamic

cycles and practical methods are available for desiccant based
air-conditioning. However, they are beyond the scope of this
paper. Since these systems can run directly on the heat
produced by electricity or a combination of heat sources, they
form a perfect candidate for an ES. The details of the ES
design will be the subject of a future publication.

Finally, a discussion about the cost of the proposed
solution is in order. In distributed generation using renewable
energy resources, intermittency is a major issue. This is
normally dealt with by using expensive battery storage
systems. In the case of residential power conversion, these
systems require electric energy to go through a double
conversion loss before being utilized in applications such as
heating or cooling. The major task of an ES+PEAT system is
to minimize this storage system by intelligently utilizing an
intermittent form of energy production to minimize the cost
and losses associated with these storage systems.

Some of the methods of energy storage for environmental
control systems have been discussed in the paragraphs above.
The energy storage in the ES is more effective than battery
storage systems since no expensive materials or construction
techniques are required. There are no additional costs
associated with a suitable heating system for the proposed ES,
but the initial costs of the ES based air-conditioning system are
higher than conventional air-conditioning systems. In the long
run, these costs can be offset by the lower production cost
based metering of electricity, since they have an unlimited life
span when compared to alternative systems using batteries.

IV. STABILITY ANALYSIS

In order to analyze the system stability, a simplified system
composed of a voltage recourse Vs, an Electric Spring V., and
a line impedance L is considered.

As shown in Fig. 6, V, is the line voltage, and |4, I, and |5
are the current flows through the non-critical load Ry, critical
load R, and transmission line, respectively.

In the time domain, the following is obtained:

di

VvV, -V = —Sac 5
sabc labc dt ( )
Applying inverse PARK Transform yields:
d(C'1I3dq0)

CV dq0 _C71V|dqo =L

S

i (6)

From equation (6), it is possible to obtain:

C _1Vsdq 0

,]_ I
cy, L9, +Lc-1dﬂ. @
dt dt

dq0 3dq0

Multiplying C in equation (7) on both sides yields:
Ve _ Vig _ L|:O _W:| I3 +L X ®)
Vsq qu w 0 I3q I.Sq

From the system block it is possible to obtain:
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Fig. 6. Simplified system.
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For an Electric Spring, the controller compares the line
voltage magnitude |V,| with the reference peak voltage 311V
(the corresponding RMS value is 220V), the error is
multiplied by the gain k. to get the voltage magnitude of the
Electric Spring, and it is in phase with the current I, which
flows through the load R;. In this case, Vs is in phase with I;.
Therefore, 14, I, and 13 are all in the same phase. In order to
simplify the equations, I is used to replace I, in the ES
equation, which implies that:

V,, =kes(311- [v,|) (10)

1|

In the dgO form:

Vi + Vg = kes(311— 2 +v2) 24220 \/72 (11)

Linearize equation  (11):

AV md mq || Aly nd nq || AV, (12)
= + .
AV, mdd maq || Al ndd nqq || AV,
Where the parameters are:
2
md = kes(311—V,; +V,7) (13)

3

2 2\2
(12, +13,)

——|<es(311—,ﬁId V) — ol (14)
(12, +12, )’

mdd = —kes(311— W,d +V2)— 0 13q (15)
(13, +1; )’

|3
— (16

2 2\2
(13, +13,)

mag = kes(311— V5 +V)

_ —kesl V4 17)
I 2 I 2 2 V 2
\/ 3d + 3q Id + Iq
—kesl,,V, (18)

- 2 2 2 2
\/I?,d + Isq Id +V|q

—kesl, V,
ndd = R (19)
\/Iszd +13, Wi +Vig
—kesl,,V,,
\/I w12 N2y
Substituting the linearized form of equation (9) into (12)
results in:

(20)

R,nd R,nq md + R,R,nd mq+ R.R;nq
{Avﬂ R1+R "R +R, R+R, R +R, {Alm}
AV, A
s | _Rondd ., Rngq || .. RRndd maq+ R.R,nqq || Al 21)
R +R, R +R, R +R, R +R,

Moy ] s M
AV, Aly,

Substituting the linearized form of equations (9) and (21)
into the linearized form of equation (8) yields:

Alsg :_l( R \is +W){Al3d}+l{Avﬂ
Als L'R +R, Aly, | L|AV,
e (22)
A|3d :A|:i:3d:|+B|:i\\;sdj|-
| Alsq | % =
where:
RR, —Lw
a R +R,
L RR 23)
R+R

The Eigen values of matrix A show the stability of the
system. Test results are shown in TABLE | of the Appendix,
under a poor subnetwork condition. The RMS value of V; is
the lowest output voltage of the PEAT embedded in the step
down transformer 210V. The transmission line inductance L
is 3.1381e-4 H. The heavy non-critical and critical loads both
have a rated power of 48.4kW. Here, 4, and 4, are the Eigen
values of matrix A.

As shown in TABLE I, the ES voltage V. increases as the
gain G increases. In addition, when G is large enough, Ve
exceeds the line voltage V, and the non-critical load voltage
V, is negative, e.g. when G is 20 and 30. The system is stable
since all of the Eigen values are in left-half plane.

V. POWER FLOW CONTROL STRATEGY AND
CONTROLLER DESIGN

A PEAT in combination with a resistive ES can be utilized
in a number of ways to control power at the subnetwork level.
In order to demonstrate the functionality of the proposed
power flow control method both for shaping the available
power and for stabilizing the critical load power, the setup
shown in Fig. 7 is considered. MATLAB/SIMULINK [41] is
used to simulate this setup. The utility grid side power source
is approximated by an ideal AC Voltage source. The wind
power is created using the Wind Turbine Induction Generator
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Fig. 7. A simplified power network with both ES and PEAT.

(Phasor Type) block from the Renewable Energy Systems
blocks in Mathworks’ Simscape Power Systems.

For the network shown in Fig. 7, there are two different
cases that are considered to highlight the control strategy. The
objective of the first case is to demonstrate the power flow
function to shift most of the wind power to a non-critical load
to minimize the impact of its intermittent availability on the
network. The objective of the second case is to demonstrate
the power flow function to decrease the total load demand on
the grid. The critical load and the non-critical load are
controlled to be mostly supplied locally by the RES, which
minimizes the use of grid power for the entire subnetwork.
For the sake of simplicity, the loads have been lumped into
two sets: non-critical load Z; and critical load Z,, as shown in
Fig. 7. The grid power is controlled by a PEAT, and the total
load power is a function of the PEAT terminal voltage Vpgar,
the wind power P,;.q, and the impedance of the loads Z; and
Z,. In addition, the line impedance Z;;,. is represented as:

PIuad = f = f(VPEAT ’ I:>wind'Zl’ZZ’Zline)' (24)

The line impedance is ideally assumed to be constant.
Therefore, from equation (24), the following can be derived:

AP, = o AVpeur + o ~APWmd+ﬁ-Azl+i.Azz. (25)
Nogar oP, oz, oz,

wind

In order to control the critical load power to be stable
of
despite wind power fluctuations P , the power
flow controller is designed to regulate the grid power flow
using a PEAT.

Based on this control strategy, a novel dual mode control
structure is designed that works as a power flow controller
when the mains voltage is in the normal range within
220V+5%, and as a voltage regulator beyond this range. Fig.
8 shows a block diagram of this controller. The upper part is
the voltage range detector to determine whether the line
voltage V, is within the normal range or not. When the line
voltage is less than the lower limit value V| gown = 209V or
greater than the upper limit value V, ,, = 231V, the difference
value (x or y) is positive, and either the function result 1-e™
or 1-e™ is 1, where k is a large constant 1e5. Hence one of
the saturation blocks is 1. As a result, the weight W, in Fig. 8
is 1. Otherwise, W, is 0. W, is subtracted from 1 to get the

: wind

Voltage range detector

ve3 -xlfe'lcr !
+

Vs_dawn

SO

Vs,up
Voltage Controller

- PEAT
€ +
AQ_@ + Controller

Power Flow Controller

wind + GI(S) e wind E + GZ(S) er
Proncritical_toad™ OR Protal_toad”

NonCritical Load Total Load power
power estimator estimator

Fig. 8. Dual mode control structure.

complementary value W;. In this way, W, is equal to 1 when
the line voltage exceeds the normal range and is equal to 0
when within this range. W, is multiplied by the control signal
of the power flow controller, and W, is multiplied by the
voltage controller signal. The dual control mode changes to
the power flow control mode when the mains voltage is
within the normal range. Otherwise, it changes to the voltage
control mode.

Two types of power flow controllers have been designed to
achieve two different control objectives. The first power flow
controller is used to shift most of the wind power to the
non-critical load to reduce the impact of the intermittent
power of the RES on the grid. This power flow controller
includes a non-critical load power estimator module to obtain
the non-critical load power. This module calculates the
non-critical load power by applying:

N
P=P+> aAVv' (26)
i=1

Where Py is the power of non-critical load at the normal
line voltage 220V, and 4V is the voltage mismatch of the
measured non-critical load voltage and the normal line
voltage. The coefficients a; can be obtained by recursively
fitting a polynomial curve to the available data on variations
in the power and line voltages. In the presented simulations
this has been obtained using the function polyfit in MATLAB.
The difference of the non-critical load power and the wind
power is fed to a Pl controller G1 (kp =5e-7, ki=4e-6) to
obtain the correction term e;, as shown in the bottom left
section of the power flow controller block diagram in Fig. 8.
The PI controller is designed to minimize the difference and
to converge to zero. As a result, Pying and Proncritical_oad are
balanced. To take into account the maximum power
constraint of non-critical loads, a saturation block with the

value of Prongritical_toad_max 1S @dded after the wind power.
The second power flow controller decreases the demand
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Fig. 9. Active power curves for the simulations: (a) only the ES is applied; (b) both the ES and the PEAT are applied, the first power
flow controller is activated; (c) both the ES and the PEAT are applied, the second power flow controller is activated.

for grid power. Since the total load power is mostly supplied
locally by wind power, the mismatch of Pying and Py j0ad
obtained from the total load power estimator module can be
used to obtain the correction term e;, as shown in the right
bottom section of the power flow controller block diagram in
Fig. 8. This module calculates the total load power in a
similar way as the non-critical load power estimator module.
The function of the Pl controller G2 (kp =4e-6, ki=5e-8) is
also aimed to minimize the mismatch, and Pying and Piotal_ioad
are controlled to be balanced. A saturation block is added
after the wind power, with the saturation value of the
maximum power constraint of the total l0ad Pigai_joad_max-

The voltage controller detects the voltage downstream of
the distribution line. The difference in the line voltage and the
reference voltage is then fed to a PI controller H (kp =1, ki
=80), to get the second correction term e,. This control loop
enhances the control when the line voltage outstrips too much
around 220V. The PEAT controller has two inputs which are
selected according to the voltage range detector.

VI. CASE STUDIES AND SIMULATIONS

Three different cases are studied: 1) system with only an
ES installed in the power network; 2) system with both an ES
and a PEAT installed applying the first power flow controller;
3) system with both an ES and a PEAT installed applying the

second power flow controller. The values of the parameters
for the control system are given in Fig. 8.

A. Case 1): System with Only an ES Installed in the Power
Network

The simulation is divided into three parts. In the first part,
the ES is deactivated and fluctuating wind power is supplied
to the system for the first 5 minutes. In the second part, the
ES is activated at the 5 minutes mark. In the third part, the ES
is still working but the critical load increases at the 9 minutes
mark. Simulation results are shown in Fig. 9(a) and Fig. 10(a).
From the active power curves, the grid power (power
upstream) fluctuates opposite the wind power up to the 5
minutes mark, and the critical load works at a low voltage as
shown in Fig. 10(a). The power is not sufficient to support
both the non-critical load and the critical load. When the ES
is activated, the ES and the non-critical load form a smart
load. The ES decreases the non-critical load power increases
the power available to the critical load. As a result, the mains
voltage increases to ensure the critical load performance.
When the critical load increases at the 9 minute mark, the
grid power does not increase accordingly, and the non-critical
load power is further reduced to provide more power to the
critical load because the total available power is the same
before and after the critical load is increased. The grid power
fluctuates significantly even when the ES is activated, which
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causes grid stability problems.

B. Case 2): System with Both an ES and a PEAT Installed,
Applying the First Power Flow Controller

This simulation is also divided into three parts. The first
part is the same as that in case 1). In the second and the third
parts, the first power flow controller is applied, and both the
ES and PEAT (where only the power flow control loop works)
are activated. The results are shown in Fig. 9(b) and Fig.
10(b). The measurements are the same as case 1) for the first
part. For the second and third parts, the non-critical load
power and wind power are almost balanced. The only
exception to this is when the wind power is higher than
Proncritical_load_max = 30 KW at around 7 and 11 minute marks,
and the non-critical load reaches its maximum power
constraint. Here, it consumes part of the wind power. The
performance indicates that the wind power is mostly shifted
to the non-critical load, and that the grid provides a relatively
constant power for the critical load. However, there is a major
deviation after the 5 minute mark for a short period of time
because the controller’s response time is not fast enough.
Fluctuations of the grid power are reduced significantly when
compared with case 1). Thus, the intermittent impact of the
RES to the grid is reduced. When the critical load increases at
the 9 minute mark, the grid power increases accordingly. This
ensures that the power supply for the increased critical load
and the wind power are balanced with the non-critical load
power at the same time. This controller is useful to reduce the
impact of fluctuations from the RES to the utility grid. This
novel power flow controller performs well in shaping the grid
power to be more constant and in transferring the wind power
to the non-critical load.

C. Case 3): System with Both an ES and a PEAT Installed,
Applying the Second Power Flow Controller

This simulation is also divided into three parts. The first
part is the same as that in case 1). In the second and the third
parts, the second power flow controller is activated. The
results are shown in Fig. 9(c) and Fig. 10(c). Compared to
case 1), the grid power fluctuation is much smaller and it is
beneficial to reduce the intermittent impact of the RES to the
grid. It can be seen from Fig. 10(c) that the grid power is
reduced by almost 75% and 80% when compared with case 2)
from the 5 minute mark to the 9 minute mark and from the 9
minute mark to the 13 minute mark, respectively. In this case,
the wind power is always less than Py joag_ max= 50 KW, and
most of the load demand can be satisfied locally by the RES.
The results show that the power flow controller is effective in
decreasing the load demand for the grid power.

The results of the upstream power, critical load power,
non-critical load power, wind power and critical load voltage
for case 1), 2) and 3) are presented in Table II. In case 2), the
non-critical load power is almost balanced with the wind
power and the critical load power remains almost the same

220 . T : T T
28f : : :

Mains “aoltage!'

Mains Yoltagely'

200 ‘ ‘ i ‘ i i
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Mains Woltagesy'

Timefminute
(©
Fig. 10. Mains voltage curves: (a) only an ES is applied; (b) both
an ES and a PEAT are applied, the first power flow controller is
activated; (c) both an ES and a PEAT are applied, the second
power flow controller is activated.

after the 5 minute mark, which indicates that the non-critical
loads are supplied locally by the RES and that the critical
loads draw a relatively constant power from the grid. The
critical load voltage is regulated at around 214.5V and it does
not decrease when the critical loads increase in 9 min. In case
3), the upstream power comes down to nearly zero, since
most of the critical loads and non-critical loads are supplied
by the RES after the 5 minute mark. When the critical loads
increase at the 9 minute mark, the non-critical loads power is
reduced slightly to shift more power to critical loads, and the
critical load voltage also drops slightly because the load
demand increases while the RES power does not increase.
This verifies the effective performance of the proposed power
flow controller.
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VIl. PRACTICAL EXPERIMENT RESULTS

Three practical experiments have been set up to evaluate the
performance of the proposed power flow controller in this
section. a) The first test demonstrates the operation of the
PEAT and verifies its ability to vary the voltage and shape the
power flow. The input and output voltage waveforms are
recorded with different duty cycles. Therefore, the function to
vary the voltage of step down transformer and shape the power
flow can be examined by changing the duty cycle. b) The
second test is the operation of a smart load which consists of an
ES and a non-critical load, while an AC/AC buck converter [42]
is used to represent the operation of the ES. The setup is shown
in Fig. 14. The purpose is to check the ability of the smart load
to shed load power when the line voltage drops. ¢) The third
test is to evaluate the function of the proposed power flow
controller consisting of a PEAT and an ES in a system as
shown in Fig. 17. The system is connected to the grid, and the
wind power is simulated by a variable transformer. The
performance of the proposed power flow controller is checked
by changing the tap changer of the variable transformer to
analog the intermittent nature of the wind power.

A. Test a): Operation of a PEAT

The PEAT topology of this test is shown in Fig. 11. The
input voltage is applied to an AC/AC converter [39], whose
output voltage is varied by changing the duty cycle. Then, the
voltage is filtered by a low pass LC filter to make it sinusoidal.
The filtered voltage is applied to the compensation transformer
and the output voltage of the transformer is added to the
PEAT input voltage to get the PEAT output voltage. Fig. 12
shows a practical experiment for the PEAT. The test
conditions are V;, = 110V (50Hz), and the resistive load is
30.6Q.

Different duty cycles are applied for the AC/AC converter
(0.55 and 0.3). Output voltages of the AC/AC converter
before and after the low pass LC filter are measured, shown
as Vacac and Viiereg in Fig. 13. The peak values of Vacjac are
both 155V for different duty cycles, and the peak values of
Viierea are 90V and 50V, respectively. The function of the
PEAT so that it can change the phase voltage of the step
down transformer and shape the power flow by varying the
duty cycle of the controller is verified.

B. Test b): Operation of a Smart Load Consisting of an
ES and a Non-critical Load

A per-phase schematic of the experiment is illustrated in
Fig. 14. An AC/AC buck converter is used to simulate the
function of the ES. The line voltage is applied as V|, and
through an AC/AC buck converter whose duty cycle is D and
the filter inductance, the desired voltage across the non-critical
load Ry is generated. As shown in Fig. 1, the voltage across
the non-critical load R, is V|-Ve. Therefore, the duty cycle D
can be derived as:

By-pass Switch

o001

al Lf T
AC-AC ;
Input converter Crx Vft‘tered Output

Fig. 11. PEAT topology.

AC/AC /

f
converter

Compensation
transformer

Fig. 12. Photograph of a practical PEAT.

b
Fig. 13. Voltage curves of trSe)output voltage of an AC/AC
converter before and after applying a low pass LC filter where
CH1- Viiteress 100V/Div, CH2- Vaciac 100V/Div, Time Base
5ms/Div: (a) duty cycle is 0.55; (b) duty cycle is 0.3.



Power Flow Control at the Subnetwork-Level in Microgrids 599

S1 Ln Vi

I
AC/AC Non-C I
-Critica
vi A | Buck on-Cri
<> Converter = Load Ro

Lp

(27)

Fig. 15 shows a photograph of the practical AC/AC buck
converter. The voltage curve and current curve of the
non-critical load are measured. Ry is 30.6 ohm and V, changes
from 310V to 225V at 400ms when the gain of the ES is 0.05.
As shown in Fig. 16(a), the current is significantly reduced
from 10A to 6A, which implies that the active power is
reduced from 1550W to 675W. When the gain of the ES is
0.2, as shown in Fig. 16(b), V, drops from 310V to 281V at
600ms, and the current drops from 10A to 1.9A. This implies
that the active power is shed from 1550W to 267W. This
result shows that the resistive ES performs well in shedding
power when the mains voltage drops.

C. Test c): Operation of the Proposed Power Flow
Controller in a Subnetwork with an Intermittent Wind
Power Injection

A subnetwork system is built and the experimental setup
schematic is shown in Fig. 17. The system includes a wind
power generator, a PEAT, a smart load and a critical load.

e

b
Fig. 16. Voltage and current cm(Jrzles of a smart load: (a) the ES
gain is 0.05, CH1- 1; 15A/Div., CH2- V, 150V/Div., Time Base
100ms/Div; (b) the ES gain is 0.2, CH1- 1;10A/Div., CH2- V,
150V/Div., Time Base 100ms/Div.

The wind power generator applies a variable transformer to
simulate intermittent wind power. The variable transformer
varies the voltage by moving the tap changer, and then
voltage is applied to the isolation transformer to isolate the
voltage from the grid for protection purposes. The isolation
transformer output voltage is regulated through a grid
connected inverter to simulate intermittent wind power. The
PEAT controller regulates the total load power to be balanced
with wind power, which is the second power controller in
Section V. The smart load automatically sheds the load power.
Both the smart load and critical load are connected to the
subnetwork. Waveforms of the power source voltage V, line
voltage V,, grid current I,, wind power generator current I,
and line current I are measured. Fig. 16 shows a photograph
of the practical experiment setup. The test conditions are the
grid phase voltage Vgig = 220Vac, non-critical load Z, = 8.2
ohm, critical load Z, = 43ohm, G (the gain of the ES) = 31, P
(the proportional gain of the power flow controller) = 8 and |
(the integral gain of the power flow controller) = 2.

The power flow controller is activated and works throughout
the experiment. The purpose of the experiment is to check the
performance of power flow controller when wind energy
changes. In the beginning, the wind power generator current I,
is around 3.5A as shown in Fig. 20. It then begins to increase
to 28.2A to inject more power into the system, which is
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simulated in this experiment by changing the tap-changer of
the variable transformer of the wind power generator in Fig.
17. The wind power generator current I, then decreases to
3.5A again. The experiment result in Fig. 20 show that the line
current I3 increases from 8.2A to 32.0A when the wind power
generator injects more power, and decreases to 8.2A when the
wind power generator decreases the injected power. This
implies that the total load power follows the wind power and
that the power flow controller performs well. The grid current
only changes slightly when the wind power changes, which
shows that the total load power is balanced with the wind
power and that the impact of the intermittent nature of the
wind power generator on the grid is significantly reduced. Fig.
22 shows that the line voltage is increased by the PEAT and
ES of the power flow controller when the wind power
increases. As a result, more power is consumed by the load. Fig.
19 shows measured waveforms of the wind power generator
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current I,, line voltage V,, line current I and grid current 1. It
shows that the line current follows the trend of the wind
generator current and that the grid current only changes slightly
when the wind generator current changes.

Fig. 21 shows MATLAB simulation results of the RMS
values of the grid current I, wind power generator current |,
line current I; and line voltage. Comparisons between Fig. 20
and Fig. 21 and between Fig. 22 and Fig. 23 show that the
practical experiment results follow the simulation experiment
results.

The obtained experiment results validate the function of
the proposed power flow controller, which applies the second
power controller in Section V. The total load power is
balanced with the wind power and the impact of changes in
the wind power have a slight impact on grid.

VIIL.

A novel power flow controller comprising a resistive ES
and a PEAT has been developed. The principle behind the
control strategy has been described in detail, and a stability
analysis performed on the derived mathematical model for
the controller shows that it is stable. Simulations carried

CONCLUSIONS

effectiveness of the proposed controller in shaping the power
flow. An experimental setup is made, and it is shown that the
obtained experimental results closely follow the simulation
results, indicating that the model of the power flow controller
is valid. In addition, the stability analysis and effectiveness of
the proposed power flow controller can be extended to actual
realization.

The obtained results show that the PEAT plays the role of
a global controller and the ES plays the role of a local
controller. The combination of these two controllers makes
the power flow control complete in terms of controlling the
RES power to supply non-critical loads and grid power to
supply critical loads. This way, the critical loads, which
require a stable and reliable power supply, are guaranteed to
be provided with power through the grid, and the non-critical
loads can be supplied power through an intermittent but
cheaper RES when it is available. If the RES produces
abundant power, the critical loads can be supplied power
through it instead of the grid.

It can be concluded that the proposed power flow controller
is a promising and realizable way to mitigate the effect of the
intermittent availability of the RES in the future grid and to
ease the tension of the grid power supply to meet sudden

out for different test cases on this model indicate the changes in electricity demand.
APPENDIX
TABLE |
SYSTEM STABILITY ANALYSIS TEST DATA
Kes Vi (V) 11(A) 1,(A) Ves (V) Vi(V) i 2
0.5 206.0549 199.0824 206.0549 6.9725 199.0824 -1514.8+177.8i -1514.8-177.8i
1 206.1834 192.3667 206.1834 13.8166 192.3667 -1.1675e3 -1.18626e3
206.4274 179.2823 206.4274 27.1452 179.2823 -0.8476e3 -2.3597e3
207.0713 142.4275 207.0713 64.6437 142.4275 -0.4773e3 -3.8784e3
10 207.9175 87.0926 207.9175 120.8249 87.0926 -0.2762e3 -7.0481e3
20 209.0533 -9.8798 209.0533 218.9332 -9.8798 -0.0148e3 -1.7656e3
30 209.7082 -99.0452 209.7082 308.7534 -99.0452 -0.0100e3 -4.4733e3
TABLE Il
CASE STUDIES RESULTS
Part1(1~5min) Part2(6~9min) Part3(10~13min)
Case 1) Average Power Upstream(kW) 30.1 0.2 02
Critical load power(kW) 6.5 6.8 114
Non-critical load power(kW) 48.2 19.1 16.0
Wind power(kW) 251 251 25.1
Critical load voltage(V) 2075 213.8 213.3
Case 2) Average Power Upstream(kW) 30.1 71 117
Critical load power(kW) 6.5 6.9 11.6
Non-critical load power(kW) 48.2 25.3 25.1
Wind power(kW) 251 25.1 25.1
Critical load voltage(V) 207.5 2145 214.6
Case 3) Average Power Upstream(kW) 30.1 0.2 0.3
Critical load power(kW) 6.5 6.9 114
Non-critical load power(kW) 48.2 17.9 16.5
Wind power(kW) 25.1 25.1 25.1
Critical load voltage(V) 207.5 213.9 213.3
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