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Abstract: With the proportion of air conditioners increasing gradually, they can provide a certain
amount of frequency-controlled reserves for a micro-grid. Optimizing utilization of air conditioners
and considering load response characteristics and customer comfort, the frequency adjustment model
is a quadratic function model between the trigger temperature of the air conditioner compressor,
and frequency variation is provided, which can be used to regulate the trigger temperature of the
air conditioner when the micro-grid frequency rises and falls. This frequency adjustment model
combines a primary frequency modulation method and a secondary frequency modulation method
of the energy storage system, in order to optimize the frequency of a micro-grid. The simulation
results show that the frequency modulation strategy for air conditioners can effectively improve the
frequency modulation ability of air conditioners and frequency modulation effects of a micro-grid in
coordination with an energy storage system.
Keywords: micro-grid; frequency control; thermostatically controlled loads; energy storage system

1. Introduction
The capacity of micro-grids that accept intermittent energy is growing rapidly and the use of
thermostatically controlled loads (e.g., air conditioners) is increasing gradually [1], which makes
it difficult to ensure the stability of the grid frequency. Based on the operating mechanism of a
traditional micro-grid, peak units and switching out for the power consumption limitation used [2] can
maintain the stability of the system frequency in the case of new energy power generation shortage
and peak loads. In view of the high cost of peak units and the impact on user comfort, energy storage
equipment can be introduced as a frequency adjustment reserve capacity. However, it is difficult to
promote owing to its higher cost and limited lifetime. For these reasons, the introduction of demand
response technology [3] provides a number of frequency modulation solutions. It can control the
load power to compensate for the new energy output fluctuation and maintain the stability of the
micro-grid frequency.
Efforts have been made in the field of using controllable loads as frequency reserves.
Family-friendly controllable loads [4] (e.g., air conditioners, refrigerators, water heaters) have become
a major research focus due to their quick disconnection and energy storage characteristics. In [5],
taking a refrigerator as an example, a dynamic demand control strategy was proposed to respond to
the frequency variation and improve the system stability, which did not consider customer comfort.
The centralized control strategy of an air conditioning load is put forward by establishing the linear
relationship between the target temperature adjustment value and micro-grid frequency variation
in [6]. The method of frequency regulation from air conditioners has little impact on customer comfort
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Figure 3. Power demand and temperature changes during air-conditioning operation.
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Figure 3. Power demand and temperature changes during air-conditioning operation.
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Taking air conditioning as an example, based on the energy storage characteristics of air
Taking air conditioning as an example, based on the energy storage characteristics of air
conditioning, the short-term adjustment of the air conditioning working status will not affect
conditioning, the short-term adjustment of the air conditioning working status will not affect customer
customer comfort. Thus, the cluster air conditioning can be like the generator to response frequency
comfort. Thus, the cluster air conditioning can be like the generator to response frequency changes
changes and participate in power grid frequency modulation.
and participate in power grid frequency modulation.
According to the changes of micro-grid frequency, and considering customer comfort, shortAccording to the changes of micro-grid frequency, and considering customer comfort, short-term
term adjustment of the air conditioning trigger temperature setting value can make the working
adjustment of the air conditioning trigger temperature setting value can make the working condition
condition of air conditioning vary, change the power consumption of cluster air conditioning, and
of air conditioning vary, change the power consumption of cluster air conditioning, and assist energy
assist energy storage system to maintain the frequency of the micro-grid stable. This assumes that the
storage system to maintain the frequency of the micro-grid stable. This assumes that the change value
of air conditioner trigger temperature is respectively ∆Ton , ∆To f f when the system frequency is down

change value of air conditioner trigger temperature is respectively

ΔTon , ΔToff

when the system

frequency is down and up, and the relationship between the change value of the trigger temperature
and the frequency of the micro-grid is shown in Equations (5) and (6).
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According to the primary frequency modulation characteristic of the generator, its frequency
According to the primary frequency modulation characteristic of the generator, its frequency
modulation strategy is shown in Equation (8).
modulation strategy is shown in Equation (8).
Δ PG = − K G Δ f
(8)
∆PG = −KG ∆ f
(8)
where ΔPG is the output power variation of the generator; Δf is the system frequency variation;
where ∆PG is the output power variation of the generator; ∆ f is the system frequency variation; KG is
K G is the unit power regulation of the generator.
the unit power regulation of the generator.
According
Equation(8),
(8),the
thefrequency
frequencymodulation
modulationcharacteristics
characteristics
thecluster
clusterair
airconditioner
conditioner
According
totoEquation
ofofthe
withthe
thesystem
systemfrequency
frequencydropping
droppingand
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increasingare
areallallininaccordance
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withthe
thecharacteristics
characteristicsofof
with
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Considering
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primary frequency modulation of the generator. Considering customer comfort, when the
and
ofof
system
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( f N( f−N −
f 1 f=
arethe
thesame,
same,the
thetrigger
triggertemperature
temperaturevariation
variation
andincrement
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system
frequency
1 =f 2f2−−f fNN))are
∆Ton , ∆To f f of air conditioning will be different, and the number of air conditioners participating in
ΔTon, ΔToff of air conditioning will be different, and the number of air conditioners participating in
system
frequency regulation will be different. Therefore, the power consumption ∆PAC (PAC,N − P1 6=
P2 − PAC,N ) of cluster air conditioning is different.
The micro-grid is composed of uncontrollable loads, cluster air conditioning and generating units.
The frequency regulation effect of uncontrollable loads can generate a certain capacity. Cluster air
conditioning with energy storage characteristics and a generating unit can also provide frequency
regulation capacity for the micro-grid system. When uncontrollable loads, cluster air conditioning and
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generating units jointly maintain the micro-grid frequency stability, frequency modulation process is
influenced by the number of air conditioning participated in frequency regulation which may cause
micro-grid power imbalance again. In order to decrease the impact of the number of air conditioners
participated in system frequency regulation on the micro-grid stability, it is needed to make the air
conditioning frequency modulation process have nothing to do with the number of air-conditioning
when the decreasing frequency value is same as the increasing frequency value. Air conditioner trigger
temperature variations ∆Ton , ∆To f f are required to reset in Equations (5) and (6) based on ensuring
customer comfort and achieving maximum utilization of cluster air conditioning. The readjustment
value of the air-conditioning trigger temperature is shown in Equations (9) and (10).
p f on
| f − fN|
N

(9)

pfof f
on%
( f − f N )·
N
of f%

(10)

0
∆Ton
=

∆To0 f f =

At this point, when the micro-grid frequency decreases and rises, the varied power value of
cluster air conditioning is shown in Equation (11).
∆PAC =

PN on%
·p | f − fN|
T+ − T− f on

(11)

In Equation (11), we assume PTN+ ·−on%
T− p f on = K AC .
According to the frequency modulation characteristic of the generator, K AC is defined as unit
power regulation of the cluster air conditioning. p f on is the customer participation degree after
resetting the air conditioner trigger temperature. Adjusting the value of the user participation degree
p f on can give full play to the frequency modulation effect of the cluster air conditioning and meet the
load demand of the micro-grid. When the decreasing frequency value is the same as the increasing
frequency value, these two frequency modulation processes have nothing to do with the number of air
conditioners involved. They will have the same output power.
Considering user comfort when the user is involved in frequency modulation, p f on is designed as
a linear function which is proportional to the frequency deviation of micro-grid in Equation (12).
p f on = k f | f − f N |

(12)

where k f is the customer participation coefficient; k f = 0 means the customers do not participate in
frequency regulation.
Adjusting the user participation coefficient k f can indirectly adjust user participation degree.
Thus, unit power regulation K AC of the cluster air conditioning is regulated, which makes the cluster air
conditioning play a full role in the frequency regulation effect, thereby reducing frequency modulation
output capacity of the generating unit.
Combining all of the above formulas, when the system frequency decreases, the trigger
temperature of the air conditioning is increasing on the basis of its set value, and the frequency
modulation strategy is shown in Equations (13) and (14).
0
T+
= T+ +

1
k ( f − f N )2
N f

(13)

0
= T− +
T−

1
k ( f − f N )2
N f

(14)

When the system frequency rises, the trigger temperature of the air conditioning will reduce on
the basis of its set value, and the frequency modulation strategy is shown in Equations (15) and (16).

T−′ = T− +

1
2
k f ( f − fN )
N

(14)

When the system frequency rises, the trigger temperature of the air conditioning will reduce on
the basis of its set value, and the frequency modulation strategy is shown in Equations (15) and (16).
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Figure 6. Frequency response characteristics of the cluster air conditioner.
Figure 6. Frequency response characteristics of the cluster air conditioner.

From Figure 6 known, the values of T +′ and PAC are respectively T N + and PAC , N when the
0 and P
From Figure 6 known, the values of T+
AC are respectively TN + and PAC,N when the
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from
fto
. Andwhen
whenthe
thevalue
valueof
of f meas
decreases
fromf N fto
micro-gridfrequency
frequencyis
is rated
rated frequency
frequency f NfN. And
f1
1 , the
N
0
value of T+ increases from TN + to T1+ and the value of PAC decreases from PAC,N to P1+ accordingly.
, the value of T +′ increases from T N + to T1+ and the value of PAC decreases from PAC,N to P1+
Conversely, the value
of PAC increases from PAC,N to P2+ . When micro-grid frequency deviation
( accordingly.
f N − f 1 = f 2 Conversely,
− f N ) is the same,
the of
variation
∆PAC offrom
power
of cluster
air conditioning
PACconsumption
micro-grid
frequency
the value
PAC increases
,N to P 2 + . When
is also the same. This means that the frequency modulation method for air conditioners completely
deviation ( f − f1 = f 2 − f N ) is the same, the variation Δ PAC of power consumption of cluster air
adheres to theN frequency
response characteristic of the generator. Adjusting the unit power regulation
conditioning
is
also
the
same.
Thiscan
means
frequency
method
for air
K AC of the cluster air conditioning
meetthat
thethe
load
demand modulation
of the micro-grid,
which
hasconditioners
nothing to
completely
adheres
to
the
frequency
response
characteristic
of
the
generator.
Adjusting
theeffect
unit
do with the number of air conditioners involved and gives full play to the frequency modulation
power
regulation
of
the
cluster
air
conditioning
can
meet
the
load
demand
of
the
micro-grid,
K
AC
of cluster air conditioning
to respond to the change of system frequency.
which has nothing to do with the number of air conditioners involved and gives full play to the
5.frequency
Frequency
Modulation
Strategy
of Energy
Storage System—Battery
modulation
effect
of cluster
air conditioning
to respond to the change of system frequency.
The droop control characteristic of the battery [11], called proportional control, combines with the
5. Frequency Modulation Strategy of Energy Storage System—Battery
frequency modulation method of the cluster air conditioning, which can implement primary frequency
regulation
[12] for
the micro-grid.
Theoffrequency
modulation
will have
the frequency
offset.
The droop
control
characteristic
the battery
[11], calledresult
proportional
control,
combines
with
In
order
to reduce
the systemmethod
frequency
the battery
is used to establish
frequency
the
frequency
modulation
of offset,
the cluster
air conditioning,
which the
cansecondary
implement
primary
regulation [13] for micro-grid. The method of realizing the secondary frequency modulation includes
proportional control and integral control. In order to adjust the system frequency accurately, adding
an integral part to the proportional control of battery can reduce the frequency deviation of the system,
and realize the optimal regulation of the micro-grid frequency.
Based on integral-frequency modulation of the secondary frequency regulation method of the
power system [14], the frequency modulation equation is shown in Formula (17).
Z

∆ f dt + K∆PG = 0

(17)

where ∆ f the difference between the actual frequency f and the frequency reference value f N in the
micro-grid; ∆PG is the power regulation value of the turbo-generator at the secondary frequency
modulation; K is the proportional coefficient of the frequency modulation power.

 Δfdt + KΔP

G

where Δ f

=0

(17)

the difference between the actual frequency f and the frequency reference value

fN

in the micro-grid; ΔPG is the power regulation value of the turbo-generator at the secondary
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K is the proportional coefficient of

the frequency modulation power.8 of 12



is unequal to 0, Δfdt accumulates constantly and Formula
R
From Equation (17), when ∆ f is unequal to 0, ∆ f dt accumulates constantly and FormulaΔfdt
(17)
R
(17) cannot balance. When the frequency modulation process finishes, Δ f is equal to 0 and
cannot balance. When the frequency modulation process finishes, ∆ f is equal to 0 and ∆ f dt is
isa aconstant.
constant.The
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From Equation (17), when Δ f



fN +

Po

Δf

+

Δ P1 +

Kf

−
f

Δf ≥ 0.1Hz

Δf − 0.1

Pref

+

Δ P2
1
sT f

Figure
Figure7.7.Integral-frequency
Integral-frequencymodulation
modulationcontrol
controldiagram.
diagram.

With the secondary frequency regulation of battery, the limit value of frequency offset Δf is
With the secondary frequency regulation of battery, the limit value of frequency offset ∆ f is set
set 0.1 Hz. When the frequency offset Δf is not less than 0.1 Hz, integral regulator works in Figure
0.1 Hz. When the frequency offset ∆ f is not less than 0.1 Hz, integral regulator works in Figure 7.
7.The
The
frequency
offset
of micro-grid
is regulated
optimally
theof rage
of The
0.1 Hz.
The integralfrequency
offset
of micro-grid
is regulated
optimally
in the in
rage
0.1 Hz.
integral-frequency
frequency
modulation
formula
is
shown
in
Equation
(18).
modulation formula is shown in Equation (18).
Pref = Po + ΔP1 + ΔP2
Pre f = Po + ∆P1 + ∆P2
1
(18)
(18)
) 0.1)
+K
K ff (( ff N
= =PP
−f f) )++ sT1(f f(|N f−Nf−− 0f |.1−
N −
o o+
sTf
where ∆P
respectively the different power regulation value in proportional control and
ΔP11 and
where
and∆PΔ2Pare
2 are respectively the different power regulation value in proportional control
integral control; Po is the initial output power of battery in a steady state; Pre f is the reference value of
and integral control; Po is the initial output power of battery in a steady state; Pref is the reference
the current output power of battery in dynamic regulation process.
valueThe
of the
current output
power
batteryelement
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proportional
element
andof
integral
are key
parts of process.
achieving frequency optimization
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for the
in Figureelement
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the of
MGCC
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Figure
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value
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power
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calculated
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system’sand
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andcurrent
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the frequency
of the
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the actual
frequency
the
power
deficiencyusing
and optimize
the frequencymodulation
of the micro-grid
by the deviation between the actual
rated frequency
the integral-frequency
characteristic.
frequency and the rated frequency using the integral-frequency modulation characteristic.
6. Simulation Results
6. Simulation Results
The micro-grid system consists of a photovoltaic system, wind generator, battery, uncontrollable
loads and air conditioners as representative of thermostatically controlled loads. Taking air
conditioning’s participation in system frequency regulation as an example, a 0.4 kv isolated micro-grid
is built by using DIgSILENT software. The rated capacity and control method of each distributed
generator is shown in Table 1. The simulation time is set to 200 min, and air conditioners participating
in the frequency control of micro-grid have 400 units.
Table 1. Capacity and control method of DG.
DG Type

DG Name

Capacity (MW)

Control Mode

Intermittent DGs

Wind generator
Photovoltaic system

0.06
0.4

PQ control
PQ control

ESS

Battery

1.0

Integral-frequency
modulation control

Table 1. Capacity and control method of DG.

DG Type
DG Name
Wind generator
Intermittent
DGs
Photovoltaic
system
Energies 2016, 9, 1085
ESS
Battery

Capacity (MW)
0.06
0.4
1.0

Control Mode
PQ control
PQ control
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Based on the above, the rapid response characteristic of a cluster air conditioner is reflected, and
Based on the above, the rapid response characteristic of a cluster air conditioner is reflected, and
when the cluster air conditioner takes part in micro-grid frequency regulation in coordination with
when the cluster air conditioner takes part in micro-grid frequency regulation in coordination with
different frequency modulation by the battery, micro-grid frequency fluctuation decreases gradually.
different frequency modulation by the battery, micro-grid frequency fluctuation decreases gradually.
The results of primary frequency modulation for the micro-grid can be optimized by cluster air
The results of primary frequency modulation for the micro-grid can be optimized by cluster air
conditioning and the integral-frequency modulation strategy of the battery which effectively
conditioning and the integral-frequency modulation strategy of the battery which effectively improves
improves the frequency control effect of the micro-grid.
the frequency control effect of the micro-grid.
6.2. Dynamic Change of Air Conditioning Temperature with Frequency Fluctuation
6.2. Dynamic Change of Air Conditioning Temperature with Frequency Fluctuation
The system frequency curve and temperature change curves of one air conditioner during the
The system frequency curve and temperature change curves of one air conditioner during the
frequency regulation are shown at two different times in Figure 9, and they participate in micro-grid
frequency regulation are shown at two different times in Figure 9, and they participate in micro-grid
′ and T−′ are
frequency control. In Figure 9 it can be seen that after the trigger temperatures
0 and T 0T+are
frequency control. In Figure 9 it can be seen that after the trigger temperatures T+
readjusted,
−
readjusted,
their
values
dynamically
change
on
the
basis
of
the
original
trigger
temperature
(upper
their values dynamically change on the basis of the original trigger temperature (upper limit
of
limit
of
26
degrees,
the
lower
limit
of
24
degrees)
with
fluctuation
of
the
micro-grid
frequency.
The
26 degrees, the lower limit of 24 degrees) with fluctuation of the micro-grid frequency. The working
cycle of the air conditioning compressor also will be readjusted dynamically. When the micro-grid
0 and T 0 rise and the starting time of the compressor is
frequency is higher than 50 Hz, the values of T+
−
in advance. On the other hand, the compressor will be turned off ahead of time.
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6.3. The Influence of Air Conditioning Frequency Modulation Method on the Output Power of the Battery
6.3. The Influence of Air Conditioning Frequency Modulation Method on the Output Power of the Battery
The output power curves of the battery are shown in Figures 10 and 11 when the cluster air
The output power curves of the battery are shown in Figures 10 and 11 when the cluster air
conditioning is in coordination with different frequency regulation methods of battery to adjust the
conditioning is in coordination with different frequency regulation methods of battery to adjust the
system frequency. From Figure 10, it can be seen that the cluster air conditioner is not involved in
system frequency. From Figure 10, it can be seen that the cluster air conditioner is not involved
micro-grid frequency modulation, and only battery energy storage participates in frequency
in micro-grid frequency modulation, and only battery energy storage participates in frequency
modulation, as the output power range of the battery is [−0.10 MW, 0.123 MW]. The battery has been
modulation, as the output power range of the battery is [−0.10 MW, 0.123 MW]. The battery has
in a state of charge and discharge alternately. When cluster air conditioning participates in primary
been in a state of charge and discharge alternately. When cluster air conditioning participates in
frequency modulation of the micro-grid in coordination with the battery, the output power of the
primary frequency modulation of the micro-grid in coordination with the battery, the output power
battery is mainly distributed in [0.015 MW, 0.134 MW]. The battery has been in a state of discharge.
of the battery is mainly distributed in [0.015 MW, 0.134 MW]. The battery has been in a state of
If cluster air conditioning takes part in frequency adjustment of the micro-grid, which is in
discharge. If cluster air conditioning takes part in frequency adjustment of the micro-grid, which is in
coordination with the integral-frequency modulation strategy of battery, the output power range of
coordination with the integral-frequency modulation strategy of battery, the output power range of
battery is [−0.039 MW, 0.105 MW]. The battery has been in a state of discharge for 0~80 min and the
battery is [−0.039 MW, 0.105 MW]. The battery has been in a state of discharge for 0~80 min and the
battery has been in a state of charge in 80~200 min. Thus, when the frequency regulation method of
battery has been in a state of charge in 80~200 min. Thus, when the frequency regulation method of
cluster air conditioner and integral-frequency modulation strategy of battery participate in frequency
cluster air conditioner and integral-frequency modulation strategy of battery participate in frequency
modulation, depth of charge and discharge for battery and the output power of battery are reducing.
modulation, depth of charge and discharge for battery and the output power of battery are reducing.
Based on Figure 11, little capacity of the battery is used and power shortage of the micro-grid is
Based on Figure 11, little capacity of the battery is used and power shortage of the micro-grid is mainly
mainly compensated for by cluster air conditioner during the primary frequency regulation.
compensated for by cluster air conditioner during the primary frequency regulation. Consequently,
Consequently, frequency modulation method for optimal utilization of cluster air conditioner
frequency modulation method for optimal utilization of cluster air conditioner participates in primary
participates in primary frequency regulation of micro-grid in coordination with the frequency control
frequency regulation of micro-grid in coordination with the frequency control strategy of battery,
which can effectively reduce the demand of capacity utilization for the battery, prolong its lifetime and
cut down the construction costs of the micro-grid.
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7. the
Conclusions
This paper presents a case study of air conditioning. It is proposed that the frequency
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7. Conclusions
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but give full play to the frequency modulation effect of the cluster air conditioner and reduce the
capacity requirement of the energy storage system.
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