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Abstract. In order to keep frequency stable after UHV DC block fault, demand side resources
are needed. Among these, frequency-based load can automatically monitor the frequency
change without affecting the user's power consumption experience and can quickly adjust the
operating parameters to reduce its own power consumption. Thus, frequency-based load can
play a role similar to the primary frequency regulation. In this paper, several physical models
of typical frequency-based loads were established and the frequency regulation characteristics
are analyzed. Based on this, a decentralized strategy of frequency-based load was proposed.
The simulation results show that the grouping decentralized strategy can effectively avoid the
“over-control” or “under-control” phenomenon, which helps to quickly maintain the power
balance and frequency stability of the grid.

1. Introduction

As the largest regional power grid in China, East China Power Grid has gradually formed an ultra-
high voltage and high-end power grid pattern in recent years. During the "12th Five-Year Plan" period,
Fufeng, Jinsu and Binjin were put into operation and the total capacity exceeded 20GW. During the
"13th Five-Year Plan" period, East China Power Grid will also add 4 new UHV DC transmission lines,
with a total capacity of 38GW. UHV DC transmission system plays an irreplaceable role in optimizing
energy resource allocation and promoting green development in East China. However, as the
proportion of DC capacity continues to increase, the synchronous moment of inertia of the receiving
power grid gradually decreases. Once the DC power is lost, the receiving power grid will face a large
amount of power loss in an instant, which will lead to a rapid decline of the grid frequency, even when
there is a large area of power outage risk [1-3].

Since the conventional power supply on the power generation side is limited by the large-scale
replacement of renewable energy, DC, etc., the controllable mode on the power generation side is
almost exhausted. At the same time, with the comprehensive construction of the smart grid, the load is
diversified and the controllability is greatly enhanced, which becomes an important resource for the
safe, reliable and economical operation of the power grid. Among them, the frequency-based load
(such as air conditioner, electric water heater, refrigerator, etc.) automatically monitor the frequency
change, and quickly adjust the operating parameters to change the power consumption without
affecting the user's power consumption experience. When the frequency is low, it can quickly reduce
the power consumption or exit the power supply. When the frequency returns to normal, it will be put
in order. So, they are a kind of available resources involved in frequency modulation [4]. In the
absence of large power shortages such as UHV DC block, these loads can be used to supplement the
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system power regulation capability, quickly increase the system frequency level, and improve the
safety and economy of the grid operation.

Nowadays, load participation in regulation mainly includes interruptible load (IL), direct load
control (DLC) and Grid Friendly Appliances (GFAs) control. Among them, IL is generally applicable
to large industrial and commercial users, and the interrupt capacity and time are agreed by contract [5-
6]. DLC is mostly implemented among loads with energy storage capacity such as thermostatically
controlled loads (TCLs) or electric vehicles (EVs) [7-8]. Both IL and DLC are centralized control
methods. When the number of loads is large, it is difficult to promote the application in a wide range
when it is subject to control cost constraints. GFAs can be seen a kind of frequency-based load. They
participate in the regulation in the decentralized control mode. The current research mainly focuses on
the influence and parameters setting such as threshold, time-delay, and amplitude etc. [9-11]. In the
case of dealing with active balance contingencies, such as UHV DC blocking, the active decentralized
response of GFAs can play an important role [12]. However, the decentralized control strategy is not
easy to determine the overall response capacity, which is prone to "over-control" or "under-control"
phenomenon.

In order to solve this problem, this paper divides the frequency-based load into two categories:
continuous regulation and discrete adjustment. The regulation characteristics of these two types of
frequency-based load are analyzed. Based on these, a grouping decentralized strategy is proposed and
verified by simulation.

The rest of this paper is organized as follows. Models and frequency characteristics of typical
frequency-based load are analyzed in Section II. Decentralized strategy and flow chart is proposed in
Section III. Case studies of different strategies for frequency-based load as regulation are shown in
Section IV and conclusions are drawn in Section V.

2. Physical model
Taking the typical frequency-based load of air conditioner, water heater and electric vehicle as an
example, the physical model are listed as followings.

2.1. Air conditioning
Assuming that the air conditioner is in the cooling mode, its actual power consumption is related to the
working state of the air conditioner. It can be divided into three cases:

1) when the room temperature is higher than the highest value, the air conditioner is "ON";

2) when the room temperature is lower than the lowest value, the air conditioner is "OFF", and its
power consumption is almost 0;

3) when the room temperature is within the air conditioning temperature setting range, the air
conditioner remains in its original state.

The actual power of the air conditioner during the period is calculated as follows (1), (2):

Pact = Pac XSycy (D
0, TAC,t < TAC,s
SAC,t = 1 TAc,t > TAc,s + ATAc (2)

SAC,t—l’TAC,S < TAC,I < TAC,S + ATAC

Where, Pacis the actual power of the air conditioner of time period t; PAC is the rated power of
the air conditioner in the cooling state; S act 1s the working state of the air conditioner in the period
(value 0 means "OFF"; value 1 means "ON"); TAC,S is the minimum room temperature setting value;

AT, is original set range of room temperature; Tac, is the temperature of time period t.
In the cooling mode, the room temperature of time t is as follows:
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G C
TAC,t+1 =TAC,t + At°A:: + Ate AA(? ’SAc,t 3)

Where, TACM, TAQt represents the room temperature of time period t+1 and time period t

respectively; G, represents the outdoor and indoor heat exchange values of time t; Ac represents the
indoor temperature coefficient, that is, the heat required for each room temperature increase of 10 °C;

C,c represents the air conditioning heat capacity in the cooling state; —= is the air conditioning in

the cooling state effect value on room temperature change; At represents time interval.

2.2. Water heater
The actual power consumption of the water heater is related to its operating state, and its operating
state is related to the initial water temperature setting value of the user. It can be divided into three
cases:

1) when the water temperature of the water heater is higher than the maximum set temperature, the
water heater is "OFF" and stops heating;

2) when the water temperature of the water heater is lower than the minimum set temperature, the
water heater is "ON";

3) when the water temperature of the water heater is within the comfort range, the water heater
maintains its original state. The actual power of the water heater during the period is calculated as
follows (4), (5):

Bort = PWH X SWH t 4)
0, TWH,t >TWH,S
SWH t 1 TWH e < TWH,s _ATWH ®)

SWH ,t—l'TWH s ATWH < TWH < TWH s
Where, Pyy ¢ represents the actual power of the water heater of time period t; By, represents the
rated power of the water heater in the heating state; Sy, ; is the working state of the water heater for
the time period (value 0 means "OFF"; value 1 means "ON"); Ty, ¢ is the setting value of water

temperature; AT, represents the temperature setting range of water heater; Ty, is water
temperature of time t.
The water temperature of the water heater is calculated as shown in the following formula (6):
T Moy = floA8) T, oAt
Viuw Vim
Where, Ty el Tom + respectively, indicating the water temperature of the water heater during the

+ae Pyt (6)

Tun St T

time period t +1 and time period t; T,, indicates the cold water temperature of the water heater inlet;
fl, indicates the hot water flow of the water heater during the period t, which is related to the living

habits of the residents; V,,,, indicates the volume of the water heater; At is the time interval; &
indicates the heating temperature coefficient of the water heater, which is the temperature increase
value under the rated heating power of the water heater per unit time; & indicates the self-cooling

temperature decrease value of the hot water inside the water heater in the regular room temperature,
which is related to the volume, surface area, room temperature and hot water temperature of the water
heater.

2.3. Electric vehicle
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The electric vehicle charging load model is related to the initial charging time, the rated charging
power of the vehicle battery, the initial state of the battery SOC (battery state of charge), and the final
full charge requirement. When the SOC state of the electric vehicle does not reach the power
requirement, it will be in the continuous charging phase until the full charge requirement is reached.
The actual charging power of the electric vehicle during the period t is calculated as follows (7), (8):

Pev i = Pey 'SEV t 7
0 Q2Q,
EVt —{1 Q<Q.. )

Where, Pgy; is the actual charging power of the electric vehicle for the period t; P, is the rated
charging power of the electric vehicle; Sgy , indicates the charging state of the electric vehicle for the
period of time (value 0 means the charging is stopped; value 1 means the power-on state) ; Q,

indicates the electric vehicle battery SOC during the period t; Q,, indicates the maximum SOC of

the battery when the electric vehicle reaches the full charge state.
The battery SOC of the electric vehicle during the period t —1 is related to the parameters of the
electric vehicle during the period t, the rated power of the electric vehicle, and the rated capacity of

the electric vehicle battery. The calculation of Q, is listed in formula (9):

At
Qt = Qt—l + pEv,t'C )
batt

Where, Q, and Q, ; indicates the time t and period t —1 of the electric vehicle battery SOC;

Pev ¢ is the actual charging power of the electric vehicle during the period t; C,, indicates the rated

capacity of the battery; At indicates the time interval.

3. Regulation characteristics analysis

The frequency-based load can participate in the system regulation. According to different load control
characteristics, they can be divided into continuously regulated and discretely regulated. The energy
storage equipment participate in the system frequency regulation in continuous way. And, there is also
a type of frequency-based load belongs to the switch control (ON/OFF) type or discrete temperature
control type. These devices can only participate in one or more adjustments based on their own
electrical characteristics, but cannot achieve free power changes. Discrete adjustment is a more
common approach due to the fact that such loads are significant in the system. The regulation
characteristics of the frequency-based load in the two modes are shown in Figure.1(a) and Figure.1 (b),
respectively.

AP, AP
saturated zone saturated zone
AP
——————————— AP

1 3
zone i dead |zone }
0 A 0 Af

saturated zone saturated zone
(a) continuously regulation mode (b) discretely regulation mode

Figure 1. Regulation characteristics of frequency-based load
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In the continuously adjustment mode, the load’s frequency regulation characteristics are similar to
the primary frequency regulation. However, for the discretely adjustment mode, it is necessary to
separately set different frequency response thresholds, response delays, etc.

4. Decentralized strategy
The decentralized strategy of frequency-based load can be divided into four steps:

1) The control center offline simulates the expected fault and performs online matching according to
the real-time situation of the grid to calculate the total amount of frequency-based load that needs to
participate in the response;

2) The intelligent terminal collects and uploads the user load information to the control center, and
the control center evaluates the current load response potential in real time;

3) The control center determines the actual load amount of the current participating response, and
the respondable power of each group of loads, and calculates the frequency threshold of each load
group in real time according to the decentralized control strategy, and delivers the frequency threshold
to the intelligent terminal;

4) The intelligent terminal determines the final frequency threshold, moniters the system frequency
in real time, and performs the decentralized action according to the current online or offline frequency
threshold.

The detailed flow chart is shown in Figure.2.

Control Ceneter Intelligent Terminal

collect load power, temperature,
offline simulate the expected fault etc.

upload the information to the
control center

If the threshold
is delivered?

yes

evaluate the current load response
potential

calculate the frequency threshold
of each load group

determine The final frequency
threshold

deliver the frequency threshold to
the intelligent terminal decentralized action according to
system frequency

Figure 2. Frequency-based load decentralized strategy

5. Simulation

The frequency-based load adopts different control strategies, and its impact on the power grid is also
different. A mathematical model of a single-area power system approximate linearization is shown in
Figure.3. Taking this as an example, the influence of the frequency-base load decentralized strategy is
analyzed.

|
1
R APy
l _ - Af
GC (O : Loy X
A —> | L
U 1+Tgs 1+Ts Ang* I’T_NS I
A% : APy :
| Decentralized i |
strategy

Figure.3 Linearization mathematical model for single-area power system
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The values of the parameters of the system are 7g=0.08s, 7t=0.3s, Tps=20s, Kps=120, and R=2.4.
When the frequency-based load is not involved, it is assumed that the 0.2MW active power shortage
(ie APd = 0.2 MW) suddenly appears at ¢ =1s, and the power system frequency simulation result is
shown in Figure. 4. It can be seen from the figure that when the load of the power system suddenly
increases, the frequency of the power grid will decrease. The primary frequency regulation and
secondary frequency regulation can make adjustments according to the change of frequency, increase
the active output of the generator, and restore the system frequency. However, the maximum
frequency drops to 49.73 Hz, and the maximum deviation is about -0.27 Hz, which exceeds the

frequency tolerance of +0.2 Hz.
50.

50.2

f(Hz)

49.8
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t(s)
Figure.4 Basic frequency regulation characteristics of power system

5.1. Simultaneous response

Assuming the system's frequency threshold is Afy =—0.1Hz. When the frequency-based load monitors
the system frequency deviation Af <Af,, turn off the device (Switch="OFF"). When Af > Af;  the
device is turned on to continue working (Switch="ON"). Assuming that the system suddenly has a
0.2MW active power deficiency (ie, AP, =0.2MW), the simulation results are shown in Figure.5.

Comparing Figure.5 and Figure.4, it can be seen that after the frequency-based load participates in
the frequency regulation, the frequency adjustment characteristic of the power system has been
significantly improved. The maximum frequency drops to 49.86 Hz, and the maximum deviation is
0.14 Hz. However, the switch curve in Figure.5 has severe chattering between 1.8s and 3.1s, which
will cause the electrical equipment to be in a fast and violent switching state transition. This is
absolutely not allowed for electrical equipment. Moreover, the frequency recovery curve is not smooth
and affects the frequency quality of the grid.

— f
—— Swith]
0.0 ﬁ
= 49.9|
w’.mm’ml -
49.8| 1 off

o 1 2 3 4

Yums

5 6 7 8 9 10
t(s)

Figure.5 Simultaneously response results of frequency-based load

5.2. Grouping response
The frequency-based loads are divided into 5 groups according to the threshold Afon and Af ;. The

switching thresholds of various types of devices are set to: Af) =-0.03 Hz, Af} =-0.08 Hz;
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Af2 =—0.05Hz, Afg =—0.1Hz; Af® =—0.07 Hz, Afj =-0.12Hz; Af} =-0.09Hz, Afy =-0.14 Hz;
Af2 =—0.11Hz, Afg =—0.16 Hz. Assuming that the system suddenly has a 0.2MW active power
deficiency (AP, =0.2MW), the simulation results are shown in Figure.6.

50.2 T T T T T T T T T
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49.8t
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Figure.6 Grouping response result of frequency-based load

It can be seen from the system frequency curve of Figure. 6 that when the switching frequency
thresholds of different types of frequency-based loads and different values are taken respectively, the
frequency drops to a maximum of 49.84 Hz. From the Switch curve (Switchl-Switch5) of various
devices, it can be seen that the grouping response strategy can stagger the opening and closing time of
different devices, avoiding a large number of electrical devices to be turned on at the same time,
thereby reducing the frequency-based load to the power system. The impact of the power system has a
positive effect on frequency regulation.

6. Conclusion

Frequency-based load provides a valuable resource for system frequency regulation. In this paper, the
frequency-based load is divided into two types: continuous regulation and discrete regulation. The
frequency regulation characteristics of different types of frequency-based loads are analyzed. A
decentralized strategy of grouping response is proposed for discrete frequency-based loads. The
simulation results show that the grouping response strategy can avoid a large number of loads turned
"ON/OFF" at the same time, thus avoiding the phenomenon of "over control" or "under control".
However, it should be pointed out that there is a strong uncertainty in the active response of the load,
and it still needs to coordinate with other regulation means.
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