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Maintaining the frequency of a power system close to its nominal value (50 Hz
or 60 Hz) is critical, which comes mainly from generators and flexible loads in
traditional power systems. Direct load control (DLC) is a method to control
controllable loads for power system optimization. In general, itis used to reduce
or shave peak demand. Nonetheless, DLC also can be used to provide
frequency control services. Domestic electric water heater (DEWH) is an
important kind of controllable load, which takes a high percentage of
domestic electric power consumption and has a large thermal energy
storage capacity. Hence, DEWH can be a prime candidate for DLC. This
study proposes a framework to provide frequency control service with
DEWHs. A virtual battery pack system (VBPS) is introduced to be equivalent
to the capacity of DEWHSs, and a series of measurable indicators are proposed to
show the capacity of the VBPS when providing frequency control services. An
adaptive criterion is applied to classify controllable DEWHSs, which helps to
maintain end-user comfort. The performances of the proposed frequency
control method during normal and contingency conditions are verified
through case studies in CYME.

KEYWORDS

frequency control, direct load control, domestic electric water heater, virtual battery
pack system, end-user comfort

1 Introduction

With the development of technology, more and more electrical devices are being
applied to improve our daily life. However, the total electric power demand and demand
variations are increasing, and the pressure on power systems is increasing too. At the same
time, renewable energy plants are increasing, e.g., the U.S. will generate 20% of the
nation’s electricity from wind energy by 2030 (Lindenberg et al., 2008). The large-scale
utilization of renewable energy benefits power systems and the environment. However,
the fluctuation of renewable energy occurs frequently, which will increase the pressure on
power systems. Hence, more ancillary services are required in power systems, which are
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necessary to support the transmission of capacity and energy
from resources to loads while maintaining reliable operation.

There are many kinds of ancillary services, such as the
regulation reserve, load following, spinning reserve, and
nonspinning reserve, (Hao et al,, 2013; Liu et al., 2000; Meyn
et al, 2015; Zhang et al., 2022). These ancillary services can be
divided into two groups: the first group contains ancillary
services for normal conditions, such as the regulation reserve
and load following, and the second group contains ancillary
services for contingency conditions, such as the spinning reserve,
nonspinning reserve, and replacement reserve.

Power system frequency reflects the balance between the
generation and demand, it will keep the nominal value (50 Hz or
60 Hz) when the balance is maintained. The frequency will drop
when the generation becomes lower than the load demand, and
vice versa. In normal conditions, the balance between generation
and demand is maintained, and the frequency is close to its
nominal value. The frequency should be recovered to its nominal
value after contingency events with frequency control.

In traditional power systems, the frequency control services
are provided by generators and flexible loads, and it requires
additional costs for these services. In practice, generators are not
working under full-power output, the residue capacity is used to
provide these reserves. With a fixed number of generators, the
total rated output power is fixed; when power demand is
increasing, the generation should be increasing accordingly.
Hence, the residue capacity is decreasing; in other words, the
capacity of frequency control service is decreasing. However,
when power demand is increasing, the required reserve capacity
is increasing too. As a result, more generators are required, which
will increase the construction, operation, and maintenance costs.
Moreover, due to the demand variations, we cannot take full
advantage of all generators, which will cause a lot of waste.
Furthermore, generators provide frequency control services, and
more capacity is required than the generation requirement. For
example, when power systems make a generation schedule, the
total capacity of online generators should meet the peak demand
when the maximum generator is lost. This is a constraint that
limits the capacity of online generators. As a result, there are
some drawbacks to conventional generator frequency control
services.

When frequency control services are provided by flexible
loads, the loads in power systems can be divided into three levels:
The first level is the most important load; outages will cause
serious accidents and losses. The second level is less important,
but outages will cause some economic losses. The third level, such
as residential loads, is the first to be reduced when power system
generation cannot meet the load demand, but it will have an
impact on the comfort of the end-user. Overall, traditional
frequency control resources have extra economic costs or
affect the comfort of the end-user, and then, new resources
are required.
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Direct load control (DLC) regulates power demand by
remotely activating or shutting down controllable loads/
devices (Ericson, 2009; Gomes et al., 2007; Zhang et al,
2017; Zhang et al,, 2018). It can be used not only to reduce
or alter peak demand but also to provide ancillary services
(Wang et al,, 2017; Solanki et al., 2017; Al-jabery et al., 2017).
Controllable loads should have energy storage capacity so that
end-user comfort can be maintained when these loads are
interrupted. These controllable loads are frequently used,
and they occupy a large part of the demand for supply
systems. Domestic electric water heater (DEWH) is a kind of
important component of controllable loads. It has a large
energy storage capacity, and it also takes up a large part of
overall power consumption: 18% in the U.S. (Government of
Canada, 2018), 19% in Canada (Nehrir et al., 1999), and
approximately 30% domestically (Kondoh et al, 2011). The
mechanism of DEWH is as follows: when the temperature of the
DEWH meets its lower limit, the local thermostat turns on, and
the DEWH turns on; when the temperature of the DEWH
meets its upper limit, the local thermostat turns off, and the
DEWH turns off; for other situations, the local thermostat
maintains its previous state. A remotely controllable relay is
used to control a DEWH. It can be turned off to turn off the
DEWH when it is on, and the DEWH will be turned on again
when the remote relay turns back; the relay cannot turn on the
DEWH when its thermostat is off. Hence, the control method is
called off-control. It is easy to realize in practice; we had applied
it in our lab and projects.

There has some literature about controllable loads to provide
ancillary services. As Lu (2012) described the potential for
regulation service by water heaters, the characteristics of water
heaters are not considered. In Hao et al. (2013) and Kirby et al.
(2008), ancillary services are provided by heating ventilation air
conditioning systems. A hotel load response for the spinning
reserve is introduced in (Mathieu et al., 2015). The benefits
potential of residential loads to provide ancillary services in
California is shown in Vrettos (2016). Fridges and freezers
were employed to collectively provide second-by-second
electricity balancing (Webborn, 2019). In Biegel et al. (2013),
these on-off loads were controlled when the frequency thresholds
were exceeded and then the primary frequency control services
were provided. Literature (Kasis et al., 2020) proved that
secondary frequency control services could be provided too.
Overall, DLC provides additional ancillary services, which
may be an attractive option for power systems. However,
obtaining end-user permission will require maintaining their
comfort during DLC, which is not described in those studies. The
main objective of this research is to propose a framework to
provide frequency control services with DEWHs and maintain
end-user comfort without temperature information.

The contributions of this study can be summarized as
follows:
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A virtual battery pack system (VBPS) is introduced as a
centralized controller for DEWHs, and several indicators
are employed to show the frequency control ability of the
VBPS. DEWHs in the VBPS can be divided into four groups.
Different groups are selected for control in different cases
based on the estimated controllable abilities of DEWHs.
2) An adaptive parameter, AELg4qpt, is proposed to make the
average temperature of DEWHs close to the lower limit: a).
For ramp-up, the AEL,4,p¢ is increased from the tolerance
value to 0, which helps to make the DEWHs whose
temperatures are lower than their lower limits can be
heated as much as possible, following the increasing
order of their estimated available energy levels. b). For
ramp-down, the AELygqp is decreased from 0 to the
tolerance value, which helps to keep more DEWHs on
heating, following the decreasing order of their estimated
available energy levels.
3) The end-user comfort is maintained in the proposed control
method; whenever the estimated AEL is lower than the
tolerance value, the DEWH is turned on and cannot be
turned off until the AEL reaches 0.

The article is made up of five sections. Detailed analysis of the
frequency control is provided in Section II. Section III presents
the VBPS and objective functions for frequency control. Some
case studies are provided in Section IV. Some conclusions, finally,
are shown in Section V.

2 Frequency control

When all loads in a power system can be supplied by

existing generators without violating any operation
constraints, the power system is operated in a normal state.
When the system remains in a normal state after critical
unforeseen events, the power system is secure and operates
in a normal safe state. Otherwise, when the balance between

generation and demand is maintained, all operating inequality
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constraints are satisfied. However, the response to some
considered contingencies is vulnerable, the power system is
operating in a normal insecure state. Preventive control is
required to prevent the power system from going into an
emergency state. If there has a violation of any operating
constraints in the power system, the power system is
operating in an emergency state, and contingency services
are required to correct and bring the power system into a
normal state immediately. As the result of corrective control
measures on the power system to avoid system collapse, the
operating limit violations may be eliminated, and the system
may recover stability with reconfigured topology and restore
the balance between generation and demand, the power system
is operating in a recovery state. The state diagram in Figure 1
illustrates the transitions between different states and necessary
services.

Frequency control services are required to maintain the
frequency throughout the power systems to its nominal value in
all the states. The frequency is affected by active power. There
are three kinds of frequency control services in the power
system: primary, secondary, and tertiary control (Hui et al.,
2017). Considering the communication delays, only the
secondary frequency control is provided in this study. The
secondary frequency control is a centralized controller that
restores the frequency to its nominal value and maintains the
desired exchanges between neighboring control areas. It is
activated from 30s to 15min (Hui et al, 2017; Stephen,
2012). In this study, the frequency controls services are
provided in 1 min.

The ancillary services for frequency control can be divided
into two groups: for normal conditions, such as the regulation
service and load following; for contingency conditions, such as
spinning, nonspinning reserve, and replacement reserve (Meyn
et al., 2015; Hui et al,, 2017).

2.1 Frequency control during normal
conditions

When the balance between generation and demand is
maintained, and the inequality constraints are afforded, the
power system is in its normal state. Regulation reserve is
automatically provided by online resources (generators or
flexible loads), and its goal is to correct the minute-to-
minute deviations between the generation and demand,
under normal conditions. The minimum bid size in
Pennsylvania, Jersey, and Maryland Power Market is 100 kW
(Hui et al, 2017; PJM Manual, 2019) and is typically in the
range of 1-10 MW (Webborn, 2019; Nousios and Aebi, 2022).
The control signal is typically the output of a proportional-
integral controller with the area control error as an input.

Load following is similar to the regulation service, but it has a

slower ramp rate and fewer sign changes per unit time. It is used
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FIGURE 2
Framework of the virtual battery pack system (VBPS) that
provides frequency control in the power system.

to bridge the gap between the hourly energy markets and
frequency regulation. It is still under normal conditions, and
it can be manually activated. When a power system with load
follows, the frequency regulation signal is usually unrelated and
crosses zero frequently (NERC, 2011).

2.2 Frequency control during contingency
conditions

When there are some disturbances in power systems, such as
transmission faults, and generator losses, the stability of power
systems will be affected. Contingency services are required to
keep power systems stable under those situations.

Spinning reserve is provided by online generators that are not
fully loaded or online loads in response to the disturbances
immediately. In other words, it changes the generation or
loads to response disturbances. As per the North America
(NERC)
Spinning reserve is available within 10 min and can be

Reliability =~ Corporation disturbance  standard,

maintained for 10-120 min (Pijnenburg et al, 2016). It is

typically
generation control (AGC) signal.

activated  automatically using an automatic

The nonspinning reserve is similar to the spinning reserve.
The main difference is that the nonspinning reserve does not
need to respond immediately. The resources can be offline but
still must be capable of reaching full output within the required
10 min (Paull et al., 2010). Nonspinning reserve is typically
dispatched using an AGC signal.

Some regions specify a third contingency reserve called replacement
reserve. Online generators, oftline generators, and responsive loads can
provide this kind of reserve, which can be capable of sustaining response

for 2-4 h. It is a type of tertiary control reserve.

Frontiers in Energy Research

04

10.3389/fenrg.2022.962361

Of course, load shedding is the last choice for power systems
when the frequency decline cannot be arrested through the above
actions. Loads are tripped off to maintain power system stability.

No matter what kind of contingency services resources, the
required response speed is from seconds to no more than 10 min.
All in all, contingency services restore the generation/load
balance after a short time when the sudden unexpected loss
by change generation or loads.

3 Virtual battery pack system for
frequency control

It is obvious that decreasing the loads is equivalent to
increasing generation, and vice versa. This is the basic theory
for DLC to provide ancillary services. A DEWH is similar to a
battery. When the DEWH gets energy from power systems, it is
equivalent to the charging process of the battery. When the
DEWH is controlled to reduce its electricity consumption, it is
equivalent to the discharging process of the battery. The
difference between a DEWH and a battery is the thermal
energy stored in the DEWH can be consumed through hot
water consumption. In this study, we use a VBPS to represent
a DEWHs system. Figure 2 shows the framework of the VBPS to
provide frequency control services for the power system.

DEWHSs’ states can be identified from smart meters.
When the power ramp-up/down value is equal to the
rated power of the DEWH, the state of the DEWH turns
on/off respectively (Xiang et al., 2020; DeOreo and Mayer,
2000). All the control actions are applied through additional
relays; it is called off-control. Considering the available
control actions require communication times, it is not
realistic to provide the primary frequency control. Hence,
we discuss the VBPS providing the secondary frequency
control in this study. The capacity of the VBPS is sent to
the system operator (SO). Then, an objective will send to the
controller to select control actions.

Based on the continuous-time state space model of air
conditioners (Lu, 2012), the DEWH can be written as follows:

T (t) = AT (t) + BU (¢) + CU, (t) 1)
= AS
- _vatankR
| T A m (t)P
Vtank CPVtankR
_ 1
C B _ank (2)
V(t)
U(t) = | Tam (1)
m(t)
Ui () =V ()
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TABLE 1 Available control signals.

Condition Signal Thermostat Relay T = Tl
1 On Off On Y
2 On/Off On On Y
3 On On On N
4 On/Off On Off Y
5 On On Off N

Y means true, N means false, and T is the tolerance temperature to maintain end-user
comfort.

where T(t) is the temperature of DEWH, Ay is the surface area of
DEWH, R is the thermal resistance of the insulation material, ¢ is
the specific heat capacity of water, p is the density of water, Vg
is the tank volume, T, is the temperature of inlet cold water, p is
the rated power of DEWH, V(#) is the volume of consumed hot
water, T, is the ambient temperature around DEWH, and m(t)
is the state of DEWH, m (¢t) € [0,1].

The state of DEWH is decided by its internal thermostat state
(Thm (t)) and relay state (R (t)).

m(t) = R(t) - Thm(t) 3)

The relay state is controlled by control actions. The internal
if the
temperature reaches its upper limit (TH), the thermostat state

thermostat state follows a mechanical mechanism:

turns “off’; if the temperature reaches its lower limit (7L), the
thermostat turns “on”; otherwise, the previous state is

maintained. The thermostat state can be written as follows:

1 T(t)<TL
Thm(t) =4 0, T(t)>TH (4)
Thm(t - 1), otherwise

The input for the DEWH is its relay state R(t), then rewrite 1)

as follows:
Tt =A@)-T)+B -U @) +C' (t)-D'(t) (5)

where the state is T(¢), the input is U(t), and D(t) is the
disturbance as follows:

( Ag 1
Aty=—""—-—-V(t)
CthankR Vtank
B'(t) = Thm(t)P
U'(t) = R(t)
1 (6)
C, ( t) _ Tin AS
Vtr,mk CthunkR
V(t)
D'(t) =
| Tam (£)
With a first-order Euler discretization, the discrete time
model maintains the structure of the continuous-time

matrices and can be written as follows:
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T = (1 + AtA’ (t))Tk +AtB'U' (1) + AtC' (1)D' (1) (7)

where At is the time interval.
Furthermore, the output of the state space model is the total
consumed electric power as follows:

Y (k) = Pm (k) (8)

To maintain end-user comfort, these available control
actions are shown in Table 1. It is obvious that when DEWHs
in condition 2 get “off” signals, the demand is reduced; it is
equivalent to the discharging process of the VBPS. Nevertheless,
these DEWHs in condition 5 should be turned back and increase
demand. The available discharging rate of the VBPS is decided by
the number of DEWHs in conditions 2 and 5. The discharging
rate should be as follows:

0< Py (t) <maxP g (t)

K2(t)

ks (1)
maxPy; (t) = Zj:l

i-1 p irated

P jorated — (9)
where k,(t) and ks(t) are the total number of DEWHs in
conditions 2 and 5 at time ¢, respectively.

The available charging rate of the VBPS is decided by the
number of DEWHs, the thermostats of which are “on.” The
charging rate can be as follows:

0< Pcha (t) < maxpcha (t)

MaxPoa(t) = Y Pisuea OThm; (0~ P ) 10

where N is the total number of DEWHs in the VBPS and Py, is
the demand of the baseline.

In practice, it is hard to measure the DEWH’s temperature.
In our previous control algorithm (Xiang et al., 2020), we can
control DEWHs without temperature measurements and
maintain end-user comfort. In Eqs. 6 and 7, it is clear that the
disturbances that affect the DEWH’s temperature are the
ambient temperature and draw-out hot water. With the
analysis of hot water consumption activities and their
probabilities, the disturbances in the worst cases can be easily
presented as that in Xiang et al. (2020). Then, the estimated
temperature of the DEWH in the worst case will be calculated.
The available energy level, AEL, was employed to show the
control ability of the DEWH, which can be expressed as follows:

(1m

where T is the temperature of the DEWH (estimated by Eq. 7)
and TH and TL are the upper and lower limits. AEL>0
indicates the DEWH’s temperature is higher than the lower
limit and vice versa. The tolerance value of the available
energy level can be obtained by letting the tolerance
temperature into Eq. 11.

It is obvious that the maximum discharging rate and the
maximum charging rate vary with the number of DEWHs in
each condition, which is decided by the tolerance temperature;
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FIGURE 3
Schematic representation of the VBPS that provides ancillary services

Algorithm
Do

Step 1: Get the desired correcting power AP (t) from the SO.
Step 2: Adjust the adjusted power AP,y (£)-
Step 3: If APggjus: (t) = 0, go to Step 3.1; else, go to Step 3.2.
Step 3.1: Set initial AELgqape as AELyoje.
a). Calculate the increased power, Py,
b). If By < APqgjust(t) & AELggape < 0, update AELgqqye, repeat a); else, go to c).
c). Generate control signals for these DEWHs with AEL < AELgqqp:, then go to Step 4.
Step 3.2: Set initial AELgqqp; as zero.
a). Calculate the decreased power, Pyoyn.
b). If Pyown > APagjust(£) & AELggape > AEL¢ore, update AELggape, g0 to a); else, go to ©).
c). Generate control signals for these DEWHs with AEL < AELgqqy;, then go to Step 4.
Step 4: Select DEWHs for control.
Step 5: Apply control actions to the VBPS; calculate and send the available capacities.
End

FIGURE 4
Pseudocode of proposed algorithm
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hence, with the changing of the tolerance temperature, the two
parameters can be changed.

Similar to the description above, the primary frequency
control will let the frequency be in an acceptable range; then,
the secondary frequency control through VBPS will let the
frequency be maintained at its nominal value. The flow chart
of the proposed method is shown in Figures 3 and 4, which is the
pseudocode. The details are as follows:

Step 1. Get AP (¢t) from the SO;

Step 2. Generate APypps(t)

K3t

)
APadjust (t) = —AP(t) - Pj,rate (12)

j=1
where kj(t) is the total number of DEWHs in condition 3.
Then, adjust it with the constraint of the VBPS:

~maxPgs (t), when AP gjuq (t) < — maxP g (t)
mMaxPep, (t), when AP gy (t) > maxPe, (t)
AP, ad just (t)

APudjust (t) =

13)

Step 3. If APugjus 2 0, the VBPS power should be increased, and
the VBPS should match the unbalance by charging. Then,
proceed to Step 3.1; otherwise, if the VBPS should be
discharged, proceed to Step 3.2.

Step 3.1. Set the initial value of the adaptive AELygqp: as the
tolerance value AEL;,.

a) Calculate the increased power, P,,, which is the total
demand of DEWHs with that off
and AEL;, < AEL < AEL ggap.

relays are

P, = sum(P#( (AEL> AELyyie)&(AEL< AEL 0 )& (RS ==0)))
(14)

where P = [P,se1, Pratens - - - ,PmtE,N]T is the set of the rated
powers of each DEWH and N is the number of DEWHs in the
VBPS; RS = [RS}, RS, ... ,RSN]T is the set of the relay state of
each DEWH; AEL = [AEL,, AEL,, ... ,AELN]T shows the AEL
of each DEWH.

b) If P,y < APggjust (t) and AELggaps < 0, update AELggqpr to
increase P.

AEL g = AELygops + 8 (15)

where § is a default value.

If Pyp>APggjust (t) or AELggap = 0, g0 to c).

c) Select the DEWHs of which relays are off and their
AELs between AEL;y, and AELyyap;. These DEWHs are
candidates for on signals. Two kinds of controllable
DEWHs are classified: 1). DEWHs in which relays are off
and AELs are higher than AELy44ps, and 2). DEWHs of which
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relays are on and AELs between 0 and I (Group 1). An
objective for the two kinds of DEWHs is calculated using Eq.
16 and then go to Step 4

Pobj (t) = APadjust (t) - Pup (16)

Step 3.2. Decrease the VBPS power to respond to a negative
AP agjust (t). At first, the initial value of the adaptive AELggqp; is
set as 0.

a) Calculate the decreased power P jo,,,, which consists of two
parts and can be written as follows:

Piown =_P1+Pup (17)

where Py is the power of these DEWHs with relays that are on
and AELs that are not negative (Group 1). It can be expressed as
follows:

P, = sum (P.# ((AEL>0)&(AEL< )&(RS == 1)))  (18)

b) If Paown>APagjust (t) and AELggaps > AELsore, decrease
the AELgg.p to reduce the increased power P; with the
following:

AELadapt = AELadapt -6 (19)

If  Paown < APagjust (t) or  AELggapt = AELyyle, proceed
to 3.1. ¢).

Step 4. Generate control signals for the controllable DEWHs. If
Poy; (t) 20, the power of these DEWHSs should be increased;
proceed to Step 4.1; otherwise, if the power should be decreased,
proceed to Step 4.2.

Step 4.1. If P,;(t)=0, more DEWHs should be sent on
signals to increase the VBPS power. These DEWHs with
relays that are off and AELs are higher than AELy4,p are
sorted in descending order by their AELs. The objective
function is as follows:

wl

()
Popj (t) - Zi=1 Pmte,iCSi|

st ifCSi_l = 1, CS, =1
o ifCSi_l = 0, CS, =0orl

min

(20)

where wI is the number of DEWHs in the descending order and i
means the i* DEWHs and CS are the control signals for the
DEWHs in the VBPS.

Step 4.2. If Pyj<0, more DEWHs should receive off-
signals to decrease the VBPS power. These DEWHs with
relays that are on and AEL>0 are selected for control
(DEWHs in condition 1) are sorted in ascending order by
their AELs.
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k1(t)
Pyi(H)+)
st if CS,-,I = 0, CS, =0

o ifCS,-,l =1, CS, =0orl

min

Prure,i (1 - Csz)
(21)

where k1 is the number of DEWHs in the ascending order.

Step 5. Execute control signals on the VBPS.

In this control algorithm, the AEL of each DEWH is
generated by the estimated temperature. The temperature is
estimated based on the disturbances under the worst cases,
which ensures that the estimated temperature is lower than
the actual temperature. The DEWH with AEL lower than the
tolerance value is kept heating to avoid its AEL dropping
too low, which ensures that the temperature is not too low
to affect the end-user comfort. Furthermore, the AELggqp
allows more DEWHs with AELs that are negative to be
turned on and DEWHs with AELs that are positive and
large to be turned off. Therefore, the temperature of
DEWHs should be closer to the lower limit to maintain
end-user comfort.

3.1 Virtual battery pack system provides
frequency control services during normal
condition

When the VBPS provides regulation service, its demand can
be as follows:

AP (t) = Pyase (£) + W Preg (£) (22)
where w; € [-1,1] is the normalized regulation control signal
and Py, is the regulation capacity of the VBPS.

The regulation capacity P, cannot be a boundless,
arbitrary value. It is based on the baseline, and it is expected
that the regulation capacity is at its maximum value to obtain
the highest income. In general, the up/down capacity should be
equal, and the regulatory capacity of an hour can be written as
follows:

Preg (t) = min (maxpdis (t)> maxpcha (t)) (23)

As the hourly regulation reserve bid for the power market is
the
discharging rate should be forecasted. In the discrete time

preprovided, maximum charging and maximum
model (5), the disturbance parameters include hot water
consumption V() and ambient temperature Ty, (t). The
ambient temperature can select the temperature of the same
time on the similar weather of the same season. The hot water
consumption can use the average value of the hot water
consumption patterns, which can be obtained by using
statistical data (Mayer and DeOreo et al., 1999; Zhao et al,

2022). Then, taking the baseline as an objective with our
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Diagram of IEEE 34-bus system.

previous control algorithm, the maximum charging, and
discharging rate can be generated, with (13), selecting the
hourly regulation reserve to bid in the power market.

Nowadays, the increasing use of renewable energy as an
alternative to fossil fuels is a general trend that has a benefit
for the environment. However, due to the randomness of
weather, cloud, wind, etc., the generation from renewable
resources is varied, which will increase the pressure on
power systems to maintain the balance between generation
and demand. In general, it can be defended by storage devices
or regulation reserves (Chau et al., 2018; Mahdavi et al., 2017).
Through charging and discharging, the VBPS can match the
fluctuation and maintain the balance between generation and
demand.

3.2 Virtual battery pack system provides
contingency reserve

When a disturbance is occurring, generation or demand
will be changed, and the VBPS will provide the capacity to
match the variation. When generators are lost due to the
disturbance, the VBPS will be discharged to match the
generation decrease; when loads are lost due to the
disturbance, the VBPS will be charged to match the load
decrease. The contingency reserve can be provided before
the VBPS capacity is used up; with our previous control
method, the sustainable time is long enough to meet the
requirement of the contingency reserve.
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When the capacities are used up, the VBPS loses the
ability for frequency control services. However, with the
varying tolerance temperature, the available capacity will
increase. With the increasing number of DEWHs in the
systems, the capacity can be increased. Moreover, because
of the installation of DEWHs diffusely in North America, the
expandable capacity is substantial enough. Hence, there is
enough available capacity of the VBPS to provide frequency
control services.

4 Case studies

A VBPS consists of 20,000 DEWHs, the hot water
consumptions are generated from CREST_Demand_Model
v2.2 (Richardson et al., 2008). Some case studies are
implemented to prove the ability of the VBPS to provide
frequency control services with CYME. The test model
structure is an IEEE 34-node test feeder (Schneider et al.,
2017). It is shown in Figure 5, and load data are 30-min
uncertain data downloaded from PJM. The electricity
consumption of the VBPS takes 6.4% of the total
electricity consumption of the whole test system and
approximately the maximum demand of 20% (morning
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peak). The transient stability analysis tool of CYME power
engineering software is used to show the frequency
variations, the simulation time step is 0.0167 s. The CYME
power engineering software is a suite of applications
composed of a network editor, analysis modules, and user-
customizable model libraries from which you can choose to
get the most powerful solution.
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4.1 Normal condition services

4.1.1 Renewable generation variations

When building a generating schedule for generators, the
loads and renewable generations will be forecasted. However,
there are differences between forecasting values and actual
values. Some reserve capacity should be used to match these
differences. Figure 6A shows the frequency drop of 0.03 Hz
because of a lack of 1 MW renewable generation when there
is no secondary frequency control. The generators in the test
model will increase generation to recover the lack of renewable
generation, which is shown in Figure 6B. In this case, a 1-MW
reserve of online generators is used to match the lack of
renewable generation, and the power system is still stable.
However, the frequency is not at its nominal value.

With the VBPS providing the secondary frequency control
services 1-min after the unbalance, the frequency and
generation are shown in Figure 7. It is clear that the system
frequency is recovered to its nominal value as shown in
Figure 7A, B, and the spinning reserve of online generators
is recovered too.

Hence, with the VBPS providing the secondary frequency
control, the frequency can be maintained at its nominal value,
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and the capacity of generators can be restored, which will
increase the stability for another unbalance.

The VBPS provides the secondary frequency control to
the
renewable generation from 7:00 a.m. to 0:00 a.m. The

match differences between actual and forecasted
renewable generation is shown in Figure 8, the actual and
forecast generation is not matched, which is normal in
practice. With the VBPS to provide secondary frequency
control, when the actual generation is less than the forecast
value, the VBPS will be discharged, and vice versa. The Ref line
in Figure 9 is the objective of the VBPS charge/discharge to
defend the frequency variations, and the solid line is the actual
charge/discharge rate of the VBPS. The two lines are
approximately coinciding.

A metric is selected to present the tracking performance, the
root-mean-square (RMS) power tracking error as a percentage of

the total steady-state power consumption (Mathieu et al., 2013).

\/% zle(Pactual,i - PRef,i)2
Puvg

RMS = (24)

where L is the length of the following duration, Paqr; is the
actual power demand, Pgey; is the reference power demand, and
P,y is the average actual power demand of this duration. The
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RMS is 0.069% in this case; in other words, the error is very small,
and the performance is good.

The average price ($/MWh) of regulation services is
$15.5/MWh (Hummon et al., 2013); in this case, the VBPS
provides and the benefit

approximately 4.2 MWh, is

approximately 65 $.

4.1.2 Regulation

In general, regulation services are required to correct the minute-
to-minute deviations between the generation and demand. For this
model, the required regulation service capacities of the test model are
800 kW (4-8 a.m. and 4 p.m. to 0 a.m.) and 525 kW (besides time), as
the up and down lines in Figure 10. The case study of the VBPS
provides regulation services is carried out, and the regulation test
signals are downloaded from PJM.

From Figure 10, for 24 h, besides these durations (D1 and D2 in
the figure) when the ramp-up capacity (charging) is used up, the
VBPS provides regulation services with a good performance, and the
RMS value is 2.1%. The durations D1 and D2 when the ramp-up
capacity is used up are because the number of DEWHs in conditions
4 and 5 is 0, and all the relays are on; hence, the available ramp-up
capacity is used up. The durations are, fortunately, short, and the
available capacity can be extended through increase the capacity of the
VBPS. In Figure 10, there still has a lot of available capacity during the
evening peak.

The minimum temperatures of the VBPS under the original
case and with the proposed method are shown in Figure 11. The
adaptive criterion helps to increase the minimum temperature,
which benefits the end-user comfort.

The available capacity calculator in Figure 2 is used to send
the available capacity to the SO, the SO cannot send the
requirement that exceeds the available capacity.
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4.2 Contingency response services

As DEWHs can be turned off immediately, the VBPS can be
used to respond to contingency events quickly; then, the balance
can be maintained.

In general, the start time of generators is approximately
30 min; hence, contingency response resources should provide
services for at least 30 min.

The generator on Bus 846 is lost, and the generation loss
is 3 MW at 7:30 a.m., with the discharging of the VBPS to
maintain the contingency event in 30 min; the VBPS will
keep discharging and maintain the system frequency at its
nominal value. Figure 12 shows the total demand of the
VBPS; during the 30 min, the VBPS discharge in 3 MW
matches the lost generation, and the RMS value is 0.01%.
The residual available charge/discharge capacity is also
shown in Figure 12. It is clear that the VBPS still has
enough capacity.

Figure 13A shows the frequency drop of 0.074 Hz when the
generation is lost; then, with the VBPS discharge in 3 MW, the
balance is recovered, and the frequency backs to its nominal
value. Figure 13B shows that the total generation besides the lost
generation increases to defend the contingency event with the
primary frequency control, and a 3 MW spinning reserve is used.
With the VBPS providing secondary frequency control 1 min
later, the generation backs to its previous value and the spinning
reserve is recovered.

With all the case studies above, the ability of the VBPS to
provide frequency control service is excellent, and the benefit is
attractive. With the expansion of the VBPS, the available capacity
will be more and more. It could be an important frequency
control service resource in the future.
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5 Conclusion

As an important component of controllable load, DEWHs can
be used for peak shaving. It also has a great capacity for ancillary
services. In this study, a VBPS is proposed to represent the state and
available capacity of DEHW:  systems, which will be a virtual unit in
power systems. When the system frequency is shifted from its
nominal value, a charge or discharge requirement will be sent to
the VBPS, then some relays will be turned on or off to respond to the
requirement. An IEEE 34 nodes test model is selected to test the
performances of the VBPS that provides secondary frequency
control services in CYME. Case studies show that with the VBPS
providing secondary frequency control services, the system
frequency can be maintained at its nominal value. It is obvious
that with the VBPS, the reserve capacity of online generators is not
consumed, which will increase the stability of power systems or
reduce the requirement of these reserves to save money.

The advantages of taking the VBPS as a frequency control services
resource include the following: a). The available capacity is large, which
is because the thermal storage in a DEWH is large, and it can be turned
off without affecting end-user comfort for a long duration; the time
duration is related to hot water consumption. b). The system expansion
is very easy, which is due to the widespread implementation of
DEWHs in North America; the more DEWHs in the VBPS, the
more the available capacity. ). The energy stored in the VBPS will be
directly used by hot water consumption, which is different from other
energy storage devices, such as a battery or flywheel; it does not need to
convert the stored energy back into power systems, and the energy loss
is less than other storage devices. d). The state of the VBPS can be
directly controlled by control signals, and the response speed is quick.
Hence, the DEWH system providing frequency control services is a
feasible method, and the ability of DEWHs is further excavated.
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