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Abstract--Overvoltage arising from reverse power flow in low-
voltage (LV) distribution network caused by surplus roof-top
photovoltaic (PV) energy generation is a major challenge in the
emerging smart grid. This paper reports a study on the use of
distributed thermal Smart Loads (SLs) for overvoltage prevention
along a LV feeder. The basic principle involves the combined use
of electric springs (ESs) and storage-type electric water heaters
(EWHs) as distributed smart loads. Through distributed control,
these smart loads play the important roles of mitigating reverse
power flow problems and maintaining local mains voltage within
the specified tolerance. Detailed modeling of the combined ES and
EWH including their practical electrical and thermal capacities
and constraints is adopted and optional distributed energy storage
system (ESS) is also considered in the evaluation. Based on the Sha
Lo Bay residential LV network in Lantau Island, Hong Kong,
these case studies confirm the feasibility of the proposed approach
for overvoltage prevention. The proposed distributed SLs-plus-
ESS method is proved to be a cost-effective and environmental
friendly way for overvoltage prevention in LV distributed network
with high PV penetration.

Index Terms--Smart grid, smart load, overvoltage problem,
distribution networks, solar power

I. NOMENCLATURE

t Time variable.
Thermal energy stored in the EWH, the upper layer of

By, Eu, Ba EWH, lower layer of the EWH at time t.
Lol L Total volume of EWH and volume of upper layer and
i lower layer water in the EWH at time t.
Inlet cold water temperature, hot water set temperature
T1, T2, Ta .
and ambient temperature.
m, ¢ Density and specific heat capacity of water.

U Heat Loss coefficient of the EWH surfaces.
Thermal energy stored in EWH when it is full of the

Emax, Emin, Ea water with pre-set hot water temperature, cold inlet
water temperature and ambient temperature.

P 7 Electric power of bottom heating unit at time t and
efficiency of heating unit in EWH.

Piat Thermal conduction between two water layer at time t.
Maximum heat loss and total Heat Loss from the EWH

PaO, Pat .
attime t.

Putt Pax !—|eat Loss from_the upper layer and lower layer water

o in the EWH at time t.
SOTCt State of thermal charge in EWH at time t.

Wi Hot water draw at time t.
Ve Vi V. Local bus voltage of SL, noncritical load voltage and
S ¥ e the ES output voltage.

Z,PF, In Noncritical load impedance, power factor and current.
SL active and reactive power consumption when ES
Pso, Qso .
output voltage is zero.
APs, AQ: SL active and reactive power consumption change
' with different ES output voltage.
Ses Apparent power of ES.
Vo Secondary voltage of the distribution transformer.
Vi Voltage at node-i.
Pui, Qui Active and reactive power consumption at node-i.
Psi Active power injection by solar panels at node-i.
Line impedance, resistance and inductance between
Zi, Ri, Xi . .
node-i and its upstream node.
Pi, Qi, Si Active, reactive and apparent power flow into node-i.
a Margin reserve for overvoltage prevention.
b Margin reserve for soft transition.

Il. INTRODUCTION

ROM 2018, the Hong Kong SAR Government has allowed

electricity consumers to apply to sell electricity back to the
utility companies under a new ‘feed-in tariff” scheme, hence
opening a new era of “prosumers” in the Hong Kong electricity
market. However, the injection of active power by distributed
renewable power sources such as rooftop solar panels into low-
voltage distribution networks could result in unacceptable
overvoltage, which could reduce the lifetime of electric
appliances and trigger overvoltage protection of solar panels.
This problem has been highlighted by Math Bollen as one of
the grand challenges in the emerging smart grid [1], and was
later reported in Germany [2] and Hawaii [3] where renewable
energy generation is substantial. Overvoltage problem could be
particularly serious during noon time when the photovoltaic
(PV) energy generation is high and load consumption is low in
residential areas. With the surplus PV energy flowing in reverse
direction, the voltage drop across the distribution line could
result in high nodal voltage that exceeds +5% of the nominal
mains voltage in the distribution network.

Conventional methods for mitigating the voltage rise issue
include (i) active power curtailment of PV panels [4], (ii)
reactive power control of PV inverter [5], (iii) distributed
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energy storage installations [6], and (iv) a mixed approach of
the above three methods [7]. However, active power
curtailment may not be economical and will prolong payback
time of PV facilities and the reactive control method could
result in increased feeder losses [8]. The use of battery for
energy storage is technically effective. But if new demand-side
management techniques can be used to reduce the storage
requirement, it would make the overall system more cost-
effective. New methods for mitigating overvoltage in high PV
penetration LV distribution network is therefore needed.

Demand-side management (DSM) is one effective solution
to dealing with the disturbance caused by renewable energy
technology. The use of domestic thermal loads, such as electric
water heaters (EWHSs) and air conditioners, was suggested by a
US national laboratory in 2011 for providing regulation service
[9]. The use of EWHs for providing regulation service was also
reported in [10,11]. Distributed autonomous control of millions
of thermostatic loads (fridges in particular) has also been
discussed in [12] and [13].

Recently, electric spring (ES) technology [14,15] has been
reported as a fast power-electronics-based DSM technology to
reduce fluctuations in mains voltage and frequency caused by
the intermittent nature of renewable energy sources. An ES can
be used to turn a non-critical load (such as an EWH) into a smart
load (SL) which consumes power adaptively to follow the
fluctuating profile of the renewable power generation. The
direct on-off control of EWHSs evaluated in [9] requires an
algorithm to coordinate the on-off control of 20,000 to 33,000
EWHSs. Otherwise, a large power surge of load demand could
result if all the EWHSs are turned on or off simultaneously. On
the other hand, the use of ES can provide a variable voltage to
continuously operate the EWHSs and adaptively control their
power consumption to balance power supply and demand
without shutting down the EWHs. Therefore, the ES approach
will not cause noticeable user inconvenience and eliminates the
possibility of on-off power surges. Moreover, since the surplus
solar power is actually absorbed by the thermal loads, it is not
abandoned or wasted.

This paper focuses on the novel research aspect of the use
and control of distributed smart thermal loads for overvoltage
prevention in the distribution line against reverse power flow
caused by high penetration of distributed PV power generation.
The new contributions include:

1) A two-layer integrated control scheme with the co-
operation of smart thermal load and energy storage system (SL-
plus-ESS) is proposed for overvoltage prevention in the LV
residential network. The thermal smart load enjoys the priority
to absorb the surplus PV power when overvoltage is about to
happen. And the ESS serves as a backup and starts only when
the capability of smart thermal load is not sufficient to handle
the overvoltage issue.

2) The challenge of maximum-voltage-node uncertainty in
the LV network with solar penetration is overcome by using
dynamic consensus algorithm in this paper. Unlike the leader-
following consensus, which has been used in previous
literature, dynamic consensus algorithm used in this paper is a
leaderless consensus control and thus overvoltage prevention
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for all the node in the network can be ensured without the
previous empirical knowledge of where the maximum voltage
may appear.

3) The case study based on the LV residential distribution
line in Sha Lo Bay of the Lantau Island of Hong Kong verified
the effectiveness of our proposal with the realistic models of
storage-type EWH (including thermostat setting control and
thermal capacity limits) and ES (including the real-time control
and power rating limits). It shows that the SL-plus-ESS method
can reduce the ESS (e.g. Battery) capacity requirement greatly
compared with pure ESS method and thus save the installation
cost (considering the batteries are more expensive than
inverters).

I11. MODEL AND ANALYSIS OF ELECTRIC WATER HEATER,
ELECTRIC SPRING AND LV DISTRIBUTION NETWORK

A. Dynamic Model of Storage-type Electric Water Heater

Traditionally, domestic EWHs have been used as “off-peak”
electric loads to consume power after midnight in order to
facilitate peak power shaving during daytime [16]. Full
technical details and modeling of storage type EWHSs can be
found in [9].

As shown in Fig.1, the water tank is vertically divided into
three layers: an upper layer with hot water, a lower layer with
cold water and a mixing layer in between. The thickness of the
mixing layer is assumed to be zero in this analysis. According
to [9], the upper thermostat is for emergency use and thus is not
considered in this paper. However, the bottom heating element
is usually connected to an off-peak or timer-controlled
electricity supply while the top heating element to a continuous
supply [16]. So in this study, only the lower heating element is
connected in series to the output voltage of an ES as shown in
Fig.2(a). The inlet water temperature is assumed to be equal to
the lower layer cold water temperature. (Tin=Tz).
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Fig. 1. Configuration and temperature profile of a large storage-type EWH [9]

Based on the analysis in [9], the thermal energy stored in the
EWH is:

E =E, +E, =cmL, T, +cmL, T, 1)

The heat loss from the EWH surface is:
Py =UkL, (T, - T,) + UKL, (T, - T,) )]
Po =UKL(T, -T,) (©)

where k is a coefficient relating the volume to the corresponding
surface area. Define the state of thermal charge as:

SOTC, = % (4)



where Emax=cmLT2 and Emin=cmLT1 are the thermal energy

stored in the EWH when it is (i) full of hot water at the set

temperature and (ii) full of inlet cold water, respectively. Now

define Ea=cmLTa . Considering Lit+L2=L, from (1)~(4):
Et — Ea

P, =P, ——* 5

at a0 E2 _ Ea ( )

For Pai+Pa2t=Pat, considering the daily hot water draw, the
water thermal energy change in the EWH can be written as:

E, =cmWT, +7R — P, + By (6)
EZt = _Cm\NtTZ - PaZt - Pth (7)
Et = En +E21 =nR +ecmW, (T, -T,)-P, ©))

Equation (8) shows the thermal dynamic model of EWH.
The lower heating element of the EWH will be shut down when
the temperature of its lower water layer reaches T2. (i.e., SOTCt
reaches 100%).

It worth noticing that, unlike those small EWHs with
continuous electricity supply and are frequently on and off, the
cold inlet water will not mix up with the existing hot water in
the tank quickly in the large storage-type EWHSs. The water in
the big tank remains "thermally stratified" (with hot water at the
top) and the hot water output would always be almost as hot as
the water when the tank is fully heated. So there assume to be
no noticeable hot water voltage drop (i.e. user inconvenience)
when the SOTC value of the storage type EWH is still higher
than 50%.

B. Electric Spring and Smart Load Capability

A smart load (SL) in this paper is formed by connecting an
electric spring (ES) in series with the lower heating element of
the EWH (a noncritical load) as shown in Fig.2(a). An ES with
back-to-back topology as shown in Fig.2 is adopted [17]. The
control target of inverter-2 is to maintain a stable DC link
voltage. The control schematic for inverter-2 can be found in
[17] and will not be repeated here.

Inverter-1 is a voltage-controlled inverter which can
generate a dynamic Ves in order to regulate Vs to its nominal
value. In the process of regulating the local mains voltage, it
provides a variable voltage Vn for the heating element of EWH
in order to modulate the power consumption of the EWH. When
Ves is generated to be in phase with Vs as shown in Fig.2(b), the
corresponding SL power consumption is reduced to support
local mains voltage. When Ves is generated to be out of phase
with Vs as shown in Fig.2(c), corresponding SL power
consumption is boosted to suppress local mains voltage.

Based on this in-phase/out-of-phase control strategy of ES,
the power change of SL with different ES output voltage can be
expressed as:

Inverter2 Inverter]

It
—

(a) i (c)
Fig. 2. ES-B2B based SL and its phasor diagram
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where the subscript rms refers to the root-mean-square (RMS)
value of the variable. APs and AQ:s refer to the active and
reactive power changes of the SL respectively under the same
local mains voltage.

It is important to note that, for the back-to-back ES topology,
the active power absorbed by inverter-1 is totally injected back
into the power grid through inverter-2. So the active power
consumption change on noncritical load is actually equal to
the SL active power consumption change. So for a specific
noncritical load (or SL) active power change APs,
corresponding Ves_rms and AQs can be calculated by using (9) as
follows:

v, =V —.N 2+Z-AP.|PF
es_rms — Vs_rms s_rms s (10)
AQS :strms : (’\' ;sfrmsz +Z APS I PF _strms)' 1_(PF)2 1z

Three realistic operation restrictions on ES and the normal
noncritical load as proposed in [18] are considered in this study:

(i) ES voltage should be less than the local bus voltage.

(if) Apparent power capacity of two inverters of ES with
back-to-back topology is considered to be 20% of the nominal
noncritical load power to ensure the size and the cost of the ES-
B2B are economically reasonable.

(iii) The noncritical load (EWH heating element in this study)
voltage should be within the range of 80%-~120% of the
nominal voltage.

The operation restrictions can be expressed in the per-unit
system as follows:

V. . <1.0p.u.

es_rms

S, <0.2p.u.
0.8p.u.<V

11)
“<1.2p.u.

n_rms

where the superscript * refers to the per-unit value of the
variable. For individual noncritical loads, their respective rated
apparent power values will be used as the bases for their per-
unit apparent power values. The nominal mains voltage is used
as the base for the per-unit voltage value.

Ses

=09
PF09  pr-0ss
\ \

NN
_ —
— A

PF=1

A40:"/pu. ©

JA\ 0 01
APs"/p.u.
Fig. 3. AQs*-APs* plot with different noncritical load power factor



The SL operating range (i.e. the variation range of active and
reactive power) with the non-critical load power factor equal to
1.00, 0.95 and 0.90 are calculated and plotted in Fig.3. It can be
seen from Fig.3 that the possible APs* range under the operation
restriction (11) can reach at least +/-30% of its rated power
consumption.

C. Radial LV Distribution Feeder with High PV Penetration

Fig.4 shows a single-phase radial LV network with n nodes.
The apparent power transferred through LV line segment-k is:

S =R +]Q :i(PLi_Psi)-l-inLi (12)

When this apparent power is transferred from node-(k-1) to
node-k, the line impedance between two adjacent nodes
Zk=Rk+jXk will cause a voltage drop. The voltage difference
between V(1) and Vk can be approximately expressed as (13)
[19]

$1=PuPatjQu Sen=PupenPsenytiQuy SEPucPstiQu Si=PuPsi*iQua
Fig. 4. Distributed line with high PV penetration
RK'Z(PLi_Ps|)+Xk'ZQL| 13
Vi gy =V =V, = ik i=k (13)

(k-1) Vk

According to (13), with high PV penetration, a large value
of the sum of Psi may lead to Vk >V-1). If it is true for all the
nodes in a feeder that the PV power generation at one node is
larger than the load consumption at that same node, the
maximum node voltage will appear at the end node of that
feeder as shown in Fig.5(b). This is the case considered in many
existed literature [20, 21]. However, considering the realistic
situation that: (i) not all nodes are equipped with the PV panel;
(ii) the PV power generation and load consumption may be
different at different nodes at different times, the
aforementioned assumption may not hold. So the maximum
voltage may not always appear at the end node in reality. The
situation that maximum node voltage appears at certain node in
the middle of the LV feeder as shown in Fig.5(c) may happen.
Moreover, the node with the highest nodal voltage may change
with time since the variables in equation (13) are actually time
variant.

In the cases that the maximum voltage does not appear at the
end node, the application of leader-following consensus control
[20, 21] for voltage regulation where the end node is chosen as
the control leader cannot guarantee the node voltage of the
whole network within the prescribed range. Thus dynamic
consensus control is used in this paper instead.

Voltage Voltage Voltage

PV PV

Distance Distance Distance
(a) (b) (c)

Fig.5 Possible voltage profile along a LV feeder

IV. DISTRIBUTED SMART LOAD AND ENERGY STORAGE
SYSTEM FOR OVERVOLTAGE PREVENTION

Studies on the use of a single unit of ES has been reported in
[18], [22] and [23]. This paper focuses on the use of dynamic
consensus control on a group of distributed ESs for avoiding
overvoltage situation arising from excessive PV power
generation. Fig.6 shows the schematic of a distribution line
feeding a number of households, each of which is represented
by a module of a PV system, a SL (i.e. smart load), a critical
load and an optional ESS. When the PV penetration rate is not
too high, the power consumption boosting of SL group can
compensate the surplus solar power generation during the noon
time. In such cases, the backup ESS is not necessary. However,
when the reverse power flow caused by PV panels cannot be
fully absorbed by boosting the power consumption of SLs, the
backup ESS (usually use lithium-ion battery) is needed at each
node to absorb surplus PV active power. A sparse
communication (Dashed red arrows in Fig.6) network is
established to allow the bi-directional communication between
two neighboring controllers. Dynamic consensus protocol [24]
is used for feeder overvoltage prevention in this paper.
;
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Fig. 6. Distributed SL-plus-ESS system in radial LV network with high PV
penetration

A. Overvoltage Prevention

Households are generally allowed to inject surplus solar
power back to the grid on the condition that the local voltage
meets the LV distribution system constraints. Fig.7 shows the
control scheme for each local controller. The real-time local
node voltage is sensed as vi and its RMS value Virms is
calculated. Vi_rms is subtracted from (Vmax-a), of which the error
(e) is fed into a proportional-integral (PI) compensator to
generate APsi_upper< in per unit. The margin a is reserved for the
possible overshoot and oscillation caused by the slow dynamic
of the PI control. The lower bound saturation of 0 p.u. of this Pl
compensator ensures zero Pl output when the node RMS
voltage is still within the permissible range. (i.e. lower than
(Vmax -a).) In this design, the PI output will restore to be zero
automatically when the node voltage falls back to the preset
permissible range.

Fig. 7. Control scheme of each local controller



B. Dynamic Consensus Protocol

In order to avoid different SLs competing with one another,
consensus control is adopted to coordinate their operations.
Since the location of the node with the highest voltage is
uncertain (refer to Section 111.C). With the prevalent leader-
following consensus control [20, 21], even when the leader
nodal voltage is controlled to be within the permissible voltage
range, the maximum node voltage in the LV network may
exceed the higher limit if it appears at the node other than the
chosen leader load. In order to overcome this challenge, a
dynamic consensus protocol is used to coordinate the
distributed ES units in order to avoid overvoltage in the whole
LV network in this paper.

As shown in Fig.7, APsi is updated with AP," according to

the dynamic consensus protocol shown below [24]:

t n _ _
AR ()= AR () + [ Da, (AR (1) AR ())dr  (14)
0 =1
where aijj is the (i,j) entry of adjacency matrix AnERnxn. Setting
aiji>0 when ESi can communicate with ESj. Otherwise, aij=0.
The entries of the Laplacian matrix Ln€Rnxn are defined as:
Zaij i= J
Iij —Jiz]j
The global dynamics of the protocol (14) can be written as the
matrix form as:

(15)
otherwise

AP =AP] —L AP’ (16)
UM
are the information state vector and control variable vector
respectively.
According to [25], (16) can be transferred into the frequency
domain and written as:
AP (s)=s(sl, +L,) AP (s) = H(s)AP, (s) (17)
where AP;(s)and AP (s) are the Laplace transforms of AP, and

where AP =[AP,",AP,’

AP, 8P, AP =[ AP, AR,

sl s2 1"

AP, respectively. In€Rnxn is the identity matrix and H(s) is the

dynamic consensus transfer function. It has been demonstrated
in [26] by using final value theorem that if the communication
graph has a spanning tree with a balanced Laplacian matrix Ln,

AP*=M AP = (AP*)1 (18)

where Mn€Rnxn is the averaging matrix whose elements are all
1/n. The symbol xss represents the steady-state value of vector
X€Rnx1. And (x) represents the average of all elements in the

vector x. 1 R™ is a vector whose elements are all equal to
one. That is to say that all AR,", i&(1,2,...,n), will converge to

the global average value of APsix by using protocol (14).
Because the WiFi and Ultra-wideband (UWB) offer
bandwidths up to 5 and 7.5GHz respectively [26], the dynamics
of this consensus protocol in Fig.7 is considered to be much
faster than that of Pl controller of the power inverter. During
the control process, once the voltage of an arbitrary node in the
radial LV network first exceeds (Vmax -a), its local Pl
compensator output APsi= will first become nonzero. (The “first”
also means this node is with the highest voltage in the network
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now) Through the dynamic consensus algorithm, the change of
APsi= propagates through the communication network with fast
dynamics and affects all information states AP," (i=1,2...n). All

the AP, will converge to the global average value, which is also

nonzero. In this way, the whole SL group will start to work in a
coordinated way to suppress feeder nodal voltages once one
nodal voltage in the network exceeds permissible limit.

C. Cooperation of Smart Load and Energy Storage System

Using the updated AF_’; as the active power consumption

change for the ES based SL in Fig.7, Vesi_ms* can be calculated
with equation (10). Upper and lower saturation limits are set to
ensure the safe operation of SL. (Smax and Smin are stipulated to
be +0.3p.u. and -0.3p.u., which are derived in Section IIB)
Multiplying Vesi_rms with the sensed real-time voltage vsi signal,
a time-variant reference vesi_ref can be created as the control
input for the inverter-1 of ES to perform sinusoidal PWM
switching. The SPWM voltage waveform is then filtered by the
LC filter to form the sinusoidal voltage Ves.

The dynamic consensus protocol converges the per-unit AP,

values at different nodes to the same value. While the active
power consumption of the EWH depends on the needs of
individual household, it is varied by its ES with the same ratio.
Consequently, consensus control enables a fair sharing of
responsibility in overvoltage prevention in the event of reverse
power flow. When the SL almost reaches its power limits (i.e.
the EWH almost reaches its maximum permissible power
output), a dead-zone section is used to ensure the startup of the
ESS. The start and the end of the dead-zone are (Smin +b) and
(Smax —b) respectively, where b is the margin reserve for soft

transition. Since all AP, values are identical, if one wants to

achieve equally power input for all the distributed ESS units,
the coefficient Kui should be set to be the same for all the nodes.
However, if one wants the energy absorption of each ESS unit
is with the same proportion of its capacity (Cessi), Kni/Cessi should
be set identical for all the nodes. With the phase information
obtained from the phase-lock-loop (PLL), a time-variant
reference ini_ret , Which is in-phase with the local node voltage,
can be created as the control reference signal for the current-
controlled grid-interface inverter of the ESS. And the excessive
PV energy stored in ESS can be discharged to the critical load
in the evening when the sunlight is absent.

V. CASE STUDY BASED ON SHA Luo BAY LV NETWORK

To tackle the voltage problems caused by reverse power
flow of distributed PV panels, the operating hours of these
storage type EWHs will be shifted to the daytime instead of
after midnight in this case study. This study is based on the
assumption that all the domestic storage type EWHSs are under
a thermal load control program that makes them only operate in
several continuous hours during noon time. Moreover, they are
modified to be SLs with adaptive power consumption by using
ES to further prevent the possible overvoltage problem brought
out by excess solar power generation in LV network.



Fig.8 shows part of the radial distribution network at Sha Lo
Bay in Lantau island of Hong Kong. The 11kV substation and
a part of the 220V feeder network is included. The subfeeder-3
(highlighted in the red dashed rectangle) with 4 blocks is chosen
as the test bench for evaluation. The four nodal voltages of this
section of the LV feeder are measured by their local ESs
installed at these 4 blocks as V1,V2,Vs and Va. The parameters of
part of this distribution network can be obtained in [27] and
shown in TABLE 1. The turns ratio of the distribution
transformer 3/1 is 11000:228.
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Fig.8. Sha Lo Bay LV Distribution Network[25]
TABLE |
DATA FOR SHA L0 BAY NETWORK [25]

From To Size Distance(m)  R+jx(uQ/m)
Sub A 1 240 3/C 600 98+j93

1 2 50 AAAC 480 649+j335

2 3 50 AAAC 285 649+j335

3 31 50 AAAC 143 649+j335
LV line between  Line 4/0 AA 27.9 302+j431
two blocks Neutral 4/0 ACSR 279 350+j461

It is assumed in the study that the loads of the 4 blocks in this
study are identical and that each block consists of 2 households
with their own ESSs, EWHSs, PV panels and other critical loads.
The typical daily hot water draw of a household, daily
residential house load profile and PV daily output profile and
can be found in [10], [28] and [29] respectively as shown in
Fig.9. The EWH will continue operating once switched on and
will shut down automatically when all the water in it reaches
the preset temperature (i.e. SOTC=100%). The power rating of
EWH is set at 1000W with 95% heating efficiency, the average
power of residential load (excluding EWH) of one household
during one day is assumed to be 2000W and the total hot water
draw per day per household is assumed to be 190 liters [30].
The load power profile in the following section of this paper
refers to the power consumption of other loads (critical loads)
excluding the power for water heating [31]. The commercial
EWH with a capacity of 315 liters for 3-4 people [16] is
connected to an ES to form a SL, which is installed in each
household. The inlet cold water is 10°C, ambient temperature is
20°C and set temperature of all EWHSs is 65°C. The other
parameters of the EWH model can be found in [9]. Moreover,
each household is equipped with the same backup ESS in case
the SL capacity is not sufficient for overvoltage prevention. The
overvoltage prevention margin a in the control algorithm is set
to be 0.005p.u. (i.e. 1.1V for 220V nominal voltage) in the
control algorithm, so the maximum nodal voltage will not
exceed 1.045p.u (under steady state).

Three case studies have been conducted to test the proposed
SL-plus-ESS method for overvoltage prevention. Their
conditions are listed as follows:
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Case-1: Each household has installed a PV panel of a peak
power rating of 4.5kW, a SL (comprising ES and EWH) and an
ESS. Both of the SL and ESS are activated.

Case-2: The conditions are similar to those of Case-1, except
that there are PV panels of peak power rating of 6kW in the first
3 blocks only.

Case-3: Repeat the study of Case-1, except that the ES is not
activated.

Daily Profile(%)

£E:

1] ; A‘I é ; 1ID ‘|I2 ‘!‘4 1'8 ‘|IB 2‘{) 2‘2 24
Time(h)
Fig. 9. Daily profiles of residential load, PV output and hot water draw

A. Feeder Voltage Prevention

Assuming all the EWHSs are turned on at 8:30am in this
section. The SOTC defined in (4) is used as the charging state
indicator of the EWH and the initial SOTC is assumed to be
84%. This assumption illustrates the worst-case scenario
because all the EWHSs will be turned on and shut down at the
same time.

The simulation results for Case-1 and Case-2 (Fig.10(b) and
Fig.11(b)) and their corresponding simulation results without
the activation of proposed SL-plus-ESS method (Fig.10(a) and
Fig.11(a)) are shown in Fig.10 and Fig.11. It can be seen that
all of the 4 nodal voltages exceed 1.05p.u. around noontime in
both cases. The maximum voltage appears at the end node
(green curve for Vs in Fig.10(a)) in Case-1. However, the
maximum nodal voltage at noontime becomes V2 (red curve for
V2 in Fig.11(a)) instead of Va in Case-2. The voltage profile
along the LV feeder in Case-1 and Case-2 (when the
overvoltage occurs) are demonstrated in Fig.12(a) and
Fig.12(b) respectively. When the SL and ESS are activated, all
the nodal voltages can be maintained below 1.05p.u and the
maximum nodal voltage is controlled to be 1.045p.u. for both
Case-1 and Case-2 as shown in Fig.10(b) and Fig.11(b).

It should be noted that Fig.10 and Fig.11 show the worst-
case in the condition: (1) all the SLs are turned on and off at the
same times; (2) the initial SOTC values and the hot water draw
profile of all EWHSs are identical. So there exist two large
voltage transients because of the switching on and switching off
of the EWHSs. The following simulation results consider more
general situations with different turn-on time and different
initial SOTC values for the EWHSs in different blocks.

B. Load Shifting Effect of SL and Power Buffer Effect of ESS

In this section, the turn-on time of EWHSs in the four blocks
are randomized within the period of 8:00~9:00 with different
initial SOTC values to mitigate the voltage transient mentioned
before. Moreover, the discharge of ESS is also taken into
consideration in this section. The ESSs of the four blocks are
programmed to discharge with 1000W constant power at times



randomized over the time slot of 19:00~20:00 in order to avoid
a large voltage transient.

The corresponding simulation results of Case-1 after the
activation of the SL and ESS system are shown in Fig.13. The
small voltage transients during 8:00~9:00 are caused by turning
on EWHs. During 19:00~20:00 and 22:00~23:00, the small
voltage transients are due to the start and end of the discharge
of the ESS into the household loads. The rest of the small
voltage changes are subject to the natural turn-off of the EWHs.
It can be observed in Fig.13(a) that the maximum nodal voltage
is kept at 1.045p.u. during 9:30~13:00 when reverse power flow
could occur. The SOTC profiles of the EWHSs of four blocks,
the power profile for one block and the charging profile for one
ESS are shown in Fig.13(b), Fig.13(c) and Fig.13(d)
respectively.
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Fig. 12. The voltage profile along the LV feeder when the overvoltage occurs

The EWHs are turned on during 8:00~9:00 and shut down
when their SOTC values reach 100% as shown in Fig.13(b).
The SOTC values of the EWHs are always higher than 65%,
indicating that the hot water supply for each household is
sufficient in this case study. It can be observed in Fig.13(c) that:
the EWH of this household is turned on at about 8:30am and its
power consumption is boosted by the ES at around 9:35am to
prevent the potential voltage rise caused by the increase of the
PV output power. The EWH (or SL) nearly reaches its
maximum power limits of 1300W at 10am and the backup ESS
starts to absorb the surplus PV output energy and to limit the
nodal voltages. The effectiveness of the control strategy
proposed in section IV is well verified. The ESS starts working
when the SL cannot fully buffer the PV power in order to avoid
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the overvoltage in the LV network. In the evening
(19:00~22:00), the ESSs discharge their stored energy into the
household load at 1000W as shown in Fig.13(c). Fig.13(d)
shows the ESS charging and discharging phases. The maximum
charging during one day is 3.15kWh per household. The stored
energy in the ESS is consumed by the household loads in the
evening to discharge the ESS.

In order to estimate the energy storage requirement of the
ESS for overvoltage prevention without the effect of the ES,
Case-3 has been conducted. The simulation results are shown
in Fig.14. Fig.14(a) shows that the overvoltage can also be
prevented. Without the ES to boost the power consumption up
to 1.3 p.u. (i.e. 1300W), the EWH consumes the rated power of
1000W during the noon time as shown in Fig.14(c), resulting in
longer heating time. Moreover, the ESS charging power has
reached a higher level in Fig.14(c) (about 1300W) than that in
Fig.13(c) (about 900W). Fig.14(d) shows that the ESS charging
capacity in Case-3 is 4.8kWh per day, which is higher than
3.15kWh in Case-1. So the activation of the group of ESs in
Case-1 allows more PV power to be absorbed by the EWHs and
therefore reduces the total energy storage requirements in the
distributed ESS systems.
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Actually, the charging power reduction of ESS group is
caused by the power shifting effect of thermal SL (or ES
combined EWH). Fig.15 shows the power profile of the EWH
and ESS in Case-1 and Case-3. The area in the “power versus
time” diagram represents energy. When the ES is activated, it
can boost the power consumption of the EWH by 30% during
noon time. As a result, the EHW reaches it fully charged point
and shuts down earlier. The ES effectively shifts the EWH
energy consumption from Si to Sz to buffer the surplus PV
generation in the noontime as shown in Fig.15(a). At the same
time, the energy absorbed by ESS is reduced by Ssas shown in
Fig.15(b). Approximately, S1=S2=Ss. This is the principle of
how the proposed SL-plus-ESS method can reduce the
distributed ESS capacity requirement for overvoltage
prevention. Moreover, since the surplus PV power during the
noontime is either stored in the thermal loads or stored in the

ESS, no energy is wasted during this process.
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C. Economic Benefit of Proposed SL-plus-ESS System

A rough economic analysis comparing the smart-load-plus-
battery method and the pure battery method based on the Sha
Lo Bay LV network is provided below to show the economic
benefit of our proposed SL-plus-ESS system. It is shown that
the cost reduction of Li-ion batteries when adopting our
proposal is actually higher than the additional cost of inverters
which are needed for Electric Springs.

An economic comparison between using our proposed
method and the traditional pure batteries method is provided as
follow: (Please note that the cost of ancillary converters for the
battery system is neglected in our comparison, it will make the
traditional method even more expensive when taking it into
account)

The hardware cost for one household adopting the SL-plus-
ESS system (C1) can be described as:

C=Crsp2 Cess = 2xax P xCyp, + (14 B) < E

rate

x Cbat (19)

chargel
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The hardware cost for the traditional distributed ESS system
(C2) can be evaluated as:

C,=Cqss =1+ ) x Echargez XCpy (20)
where Cese2s and Cess are ES-B2B cost and ESS cost
respectively; Prate is the noncritical load rate power; « is the ES
rate coefficient; Cinv is the inverter price per KVA and Coat is the
battery price per kwWh, the multiplier 2 refers to the use of two
inverters in the back-to-back inverter configuration; And g is
the battery reserve margin coefficient, Echarger and Echarge2 are
the maximum electric charge of one ESS during one day with
and without the use of the SL, respectively.

According to Section Il, the power ratings of the two
inverters in ES-B2B are designed 20% of the noncritical load
rating (¢=0.2). The noncritical load in this study is EWH with
1000W power rating (Prae =1kW). According to recent survey
(year 2018), the cost of standard inverter (Cinv) is $0.13 per watt
[32] while the cost of the lithium-ion battery (Cbat) is $176 per
kWh [33]. We assume the charge efficiency of the battery
system is 92% and the allowable operating state-of-charge
(SOC) range of the lithium-ion battery system is from 10% to
90% in this study. Considering a margin, the battery capacity is
designed to be 2 times of the energy charge per day in this
analysis (i.e. p=1). Thus, the cost of SL-plus-ESS system in
each situation can be calculated.

TABLE Il shows the Echarger and Echarge2 Simulation results
of the 5 cases with the peak power rating of PV panel
installation per household ranges from 3kWp to 5kWp based on
the Sha Lo Bay LV residential network. The respective
economic costs for one household using these two strategies are
calculated by (19) and (20) respectively.

TABLE 11
ESS CHARGE AND ECONOMIC COST FOR ONE HOUSEHOLD
(WITH AN AVERAGE LOAD OF 3KW IN EACH HOUSEHOLD)

PV peak power Echargel(kWh) EchargeZ(kWh) C1($) C2($)
per house(kWp)

3 0 0 52 0

3.5 0 0.38 52 134
4 1.06 241 425 848
4.5 3.15 4.80 1161 1690
5 5.89 7.84 2125 2760

It can be seen in TABLE Il that the ESS charge and total cost
is lower when we use the proposed SL-plus-ESS strategy when
the PV power peak power is high. Fig.16 shows the economic
cost of these two strategies. It can be seen that the more PV
capacity exceeds the average household load consumption, the
higher the cost required to prevent overvoltage arising from
reverse power flow.

When each household is equipped with a 3.0kWp PV panel,
there is no surplus PV power, but the hardware cost of SL-plus-
ESS system is $52 considering the ES-B2B must be installed.
When each household is equipped with a 3.5kWp PV panel
(which is the case-1 setup in our paper), the hardware cost of or
proposed method remains to be $52 because no extra battery is
needed. In this case, Ci is only 38.9% of the cost of the pure
battery method (C2=$134). When each household is equipped
with a 4.5kWp PV panel (which is the case-1 setup in our
paper), the hardware cost of SL-plus-ESS method is $1161



which is only 68.7% of the cost of the pure battery method
($1690). The reason why Cz is lower than Cz in this case is: the
smart thermal load can absorb some surplus PV power into the
hot water, resulting in a reduction of the Li-ion battery capacity
needed; and the cost reduction of Li-ion batteries when
adopting our proposal is actually higher than the additional cost
of inverters which is needed for Electric Springs. It can also be
observed in Fig.16 that with the endless increase of installed PV
power rating per house, Cuz is less than C2 while C1/Cz is tend to
converge towards 1.0.

Cost Comparison of 2 Methods
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C1 Cc2 ——C1/C2

Fig. 16. Economic cost of ES-plus-ESS and pure ESS methods

VI. CONCLUSION

Overvoltage problem in distribution lines arising from the
reverse power flow of distributed rooftop PV panels has been
previously identified as a grand challenge in the emerging smart
grid. This paper presents the results of an investigation into the
use of distributed smart loads for tackling this technical
problem. With the aid of back-to-back electric spring circuits,
traditional off-peak storage-type electric water heaters,
previously designed for use after midnights, are modified into
smart loads and used to absorb PV power during the day time.
With dynamic consensus control, the study indicates that the
smart loads can play an instrumental role in absorbing extra PV
power in order to enable reverse power flow without having the
local mains voltage exceeding the upper limit of the stipulated
voltage value. The use of the proposed smart thermal loads also
reduces the capacity requirements of the battery storage
systems, thus potentially leading to reduced installation costs.
Since the surplus solar power is actually stored in the thermal
loads, it is not abandoned or wasted.

Further research should cover the climatic and economic
aspects of the installations with the aim of evaluating the
financial returns from a prosumer point of view.
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