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Abstract: The high penetration of distributed renewable energy and the popularization of electric
vehicles has led to voltage quality problems in distribution networks. Voltage problems, such as over-
voltage, under-voltage, and voltage fluctuations, are increasingly becoming severe. Voltage regulation
services play an essential role in improving the power supply quality of the distribution network.
The development of information and communication technologies has promoted the upgrading of
remote control technology. Air conditioners (ACs) can be easily remote controlled to change the
power consumption for voltage regulation services. This study proposes a voltage control strategy by
optimizing the limited regulation capacity of ACs. Firstly, a detailed thermal model is developed to
analyze the room temperature and the regulation capacity of the ACs. Secondly, a successive voltage
regulation algorithm is proposed to solve the voltage problems of the limited regulation capacity
of ACs. In addition, the control strategy is developed to exploit the potential of voltage regulation.
The control strategy formulates the participation priority of the ACs according to room temperature,
which makes the ACs have a long regulation time and prevent the ACs switching working states
in the process of voltage regulation. The case studies show that the proposed coordinated voltage
regulation strategy can make node voltage restore to a permissible range and make full use of the
limited regulation capacity of ACs for voltage control.

Keywords: voltage regulation; air conditioner; operating power; distribution network

1. Introduction

With the rapid development of the photovoltaic (PV) generation industry, the capacity
of grid-connected PV generation continues to increase. The intermittent output of PV
generation aggravates voltage fluctuations in the distribution network and even causes
reverse power flow, leading to over-voltage problems [1]. In addition, in response to
the call for energy saving and emission reduction, electric vehicles (EVs) have shown
a blowout type growth in recent year. The simultaneous charging of large-scale EVs
will cause a significant power flow of the distribution network, leading to under-voltage
problems [2]. Over-voltage and under-voltage problems affect the power supply quality
of the distribution network and the regular operation of the electrical equipment, and
even lead to damage. Therefore, to ensure the voltage quality of the distribution network,
voltage regulation services have become more and more critical.

The traditional voltage regulation service is realized through reactive power compen-
sation. The conventional reactive power regulation equipment includes the synchronous
compensator [3], the on-load tap changer (OLTC) [4], and the shunt capacitor (SC) [5].
The regulation process of the synchronous compensator and OLTC has hysteresis, leading
the equipment to not respond fast to voltage regulation. With the development of power
electronics, flexible AC transmission system (FACTS) devices, as alternate, flexible, reliable,
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and stable VAR (reactive power) compensators, are utilized to solve the voltage problem by
optimizing reactive power in the power system [6]. In addition, too much reactive power
injection in the distribution network will cause the blockage of the network and increase
power loss. The R/X of the distribution line is much larger than the power transmission
line [7]. Therefore, compared with reactive power, active power compensation is more
effective for voltage regulation in the distribution networks.

In recent years, with the rapid development of information and communication tech-
nologies, the user-side flexible loads can participate in demand–response projects [8].
Changing the operating power within a certain period allows the user-side flexible loads
to provide voltage regulation services for the distribution network. Therefore, some
researchers have focused on using flexible loads to achieve voltage regulation in the distri-
bution network. The authors of [9] developed a voltage management model incorporating
flexible loads to achieve a lower voltage network loss and maintain safe voltage levels under
a random load demand and renewable power injection. The authors of [10] proposed an
innovative methodology to apply flexible loads to enhance ancillary services that mitigate
the voltage violations and congestion issues in low voltage distribution networks. Among
the numerous demand-side resources, air conditioners (ACs) become more widespread
and account for a huge proportion of the daily load [11]. The development of building
insulation technology makes the building have a better thermal inertia to store the heat
generated by the ACs for a certain period [12]. Therefore, ACs have a vast potential in
serving as energy storage devices, which can improve the economic efficiency of the power
system [13], balance the power supply and demand [14], and provide ancillary services [8].
When the ACs adjust the power consumption to provide voltage regulation services for the
distribution network, the room temperature will not change drastically. Therefore, ACs can
become potential voltage regulation resources on the demand side.

In the process of voltage regulation, the power flow of the distribution network should
be calculated to obtain the compensation power provided by the ACs. The Newton–
Raphson algorithm has good convergence in calculating nonlinear equations, which makes
it the most common power flow calculation method [15]. The Newton–Raphson algorithm
can calculate the node voltage of the distribution network and obtain the compensation
power required by voltage regulation through the sensitivity coefficient matrix [16]. The
authors of [17] simplified the calculation process of the sensitivity coefficient matrix, which
has a faster convergence speed. However, the compensation power calculated by the
sensitivity coefficient matrix is usually much larger than the actual required value, so it
requires abundant voltage regulation resources on the node. Additionally, obtaining the
sensitivity coefficient matrix needs multiple iterations that increase the computational
burden due to the radial topology and intrinsic R/X ratio of the distribution network [18].
The quantity of ACs on the user side is limited. The maximum compensation power
provided by the ACs may be far less than the value calculated by the sensitivity coefficient
matrix. Therefore, the regulation process should consider the capacity of the ACs. In
addition, when the ACs participate in the regulation process, the room temperatures need
to be monitored in real-time to guarantee the comfort of the occupants. The equivalent
thermal parameter (ETP) model is widely used to calculate the room temperature of the
building [19]. The authors of [20] established a first-order thermodynamic equivalent
model to estimate the controllable capacity of the air conditioners in peak-valley difference
smoothing. The authors of [21] used the equivalent thermal parameter model to estimate
room temperature changes in frequency regulation services. The temperature calculation
accuracy of the ETP model is related to the complexity of the structure. An accurate model
requires a lot of time to optimize the parameters and confirm its validity, so the voltage
regulation potential of the ACs cannot be precisely evaluated.

To address the above problems, this paper proposes a coordinated voltage regulation
strategy by optimizing the limited regulation capacity of air conditioners. Firstly, a thermal
model based on heat loss calculation is built to evaluate the room temperature. Then,
the ACs are classified and allocated the optimal regulation power according to the room



Energies 2022, 15, 3225 3 of 14

temperature. Additionally, a successive voltage regulation algorithm is used to calculate
the regulation power for the voltage control considering the capacity of the regulation
resource. The main contributions of this paper are as follows:

1. A detailed thermal model based on heat loss calculation is proposed for voltage
regulation services, which considers solar radiation, electrical-appliance-emitted heat,
and occupant-emitted heat. The model can accurately calculate the room temperature
and evaluate the regulation potential of the AC.

2. A successive voltage regulation algorithm is proposed to calculate the compensation
power considering the capacity of voltage regulation resources on the user side. On
the premise of keeping the nodal voltage within the permissible range, the algorithm
uses less regulation power to achieve voltage control.

3. To make full use of the ACs’ voltage regulation potential, the control strategy arranges
the participation priority of the ACs based on the room temperatures. In this way, an
AC with a long regulation time will preferentially participate in the voltage regulation,
which prevents ACs switching working state frequently.

The remainder of this paper is organized as follows. Section 2 develops the thermoelec-
tric model of the ACs for voltage regulation. Section 3 introduces the voltage optimization
methods of the distribution network, and numerical simulation tests are presented in
Section 4. Finally, Section 5 concludes this study.

2. Thermoelectric Equivalent Model of ACs

The thermoelectric equivalent model of ACs was used to describe the relationship
between the working state of an AC and the thermal dynamic variation of the building.
The model mainly consists of the thermal model of the room and the electrical model of
the AC.

2.1. The Thermal Model of the Room

The thermal model based on heat loss calculation describes the dynamic thermal
variation by the principle of energy conservation. As shown in Figure 1, the temperature
variation of the room is caused by the unbalance of heat generation and heat loss [22]. The
main factors are the temperature difference inside and outside the room. Additionally,
other electrical appliances as well as the occupants inside the room and the solar radiation
outside also can affect room temperature. According to the above factors, the room energy
conservation formula was established, and the temperature variations can be expressed as:

ca·ρa·V·
dTin(t)

dT
= Hgenerate(t) − Hloss(t), (1)

Hloss(t) = (Tr window·Swindow+Trwall·Swall+ca·ρa·V·num)·(T in(t) − Tout(t)), (2)

Hgeneration(t) = HAC(t) + ε·A + Paverage·cos δ(t)·s(t), (3)

where ca and ρa are the heat capacity and the density of the air, respectively. V is the
volume of the room. t is the time slot. Tin(t) and Tout(t) are the indoor temperature and
the ambient temperature, respectively. Hgenerate(t) is the thermal generation, which is
mainly affected by the heat generated by the AC (HAC(t)). Additionally, the solar radia-
tion (Paverage·cos δ(t)·s(t)), electrical-appliance-emitted heat, and occupant-emitted heat
(ε·A) also affect the ambient temperature. ε is the coefficient of heat release by electrical
appliances and occupants. A is the area of the room. Paverage, δ(t), and s(t) are the average
solar intensity, the elevation angle of the sun, and the solar intensity, respectively. Hloss(t)
is the thermal loss, which is caused by conduction and ventilation. Conduction is caused
by the difference between the hot and cold zones. The heat is transferred from the ambi-
ent temperature to the indoor temperature through walls (Trwall·Swall·(T in(t) − Tout(t)))
and windows (Trwindow·Swindow·(T in(t) − Tout(t))). Trwall and Swall are the thermal trans-
mittance and the area of the wall, respectively. Trwindow and Swindow are the thermal
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transmittance and the area of the window, respectively. Ventilation is caused by the air flow
(c a·ρa·V·num·(T in(t) − Tout(t)) through cracks and gaps. V is the volume of the room.
num is the number of times that the air changes.
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2.2. The Electric Model of the Room

The operation state of ACs has two states: cool state and standby state. The operating
characteristics are shown in Figure 2. When the AC works in the cooling state, the com-
pressor of the AC turns on, and the operating power of the AC is equal to Pcool. When
the AC works in the standby state, the compressor of the AC turns off, and the operating
power of the AC approaches zero. The standby state and the cooling state are switched
alternately. The room temperature fluctuates within [Tset − Thy, Tset+Thy]. The average
operating power in this state can be expressed as:

Pnormal
AC_i =

Pcool·(t 2 − t1)

t3 − t1
, (4)
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The operating power can be regulated by adjusting the set temperature of the AC.
According to the operational characteristics of the AC, the control strategy of the AC can
be developed to provide voltage regulation services. The AC that participates in voltage
regulation should be equipped with smart controllers. When the smart controllers receive
the regulation signals, the set temperature of the AC is reset. However, to avoid affecting
the use of the AC, the set temperature is controlled within the comfortable range. As
recommended by the British Council for Offices, an acceptable set temperature range of
ACs within the 22–26 ◦C can guarantee the comfort of the occupants in the room [23]. To
deal with the over-voltage and under-voltage problems of the distribution network, the
AC takes measures to decrease and increase the set temperature, respectively. When the
distribution network exists the over-voltage problem, the AC decreases the set temperature;
the operating performance of the AC is illustrated in Figure 3. The variation curves of the
room temperature and the operating power of the AC are shown in Figure 3. The orange
curve and orange parts illustrate the room temperature and increase in the operating power
after the AC participates in the over-voltage regulation. When the smart controller receives
the over-voltage regulation signal at the time tstart, the set temperature decreases from
Tset to Tset

′. During tstart – tend, the compressor keeps the working state, which increases
operating power. In this way, the AC can provide regulation power for the over-voltage
problem. The regulation power for the over-voltage problem can be expressed as:

Pover
AC_i= Pcool − Pnormal

AC_i , (5)
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When the distribution network encounters an under-voltage problem, the AC increases
the set temperature; the operating performance of the AC is illustrated in Figure 4. The
variation curves of the room temperature and the AC’s operating power are shown in
Figure 4. The orange curve and orange parts illustrate the room temperature and decrease
in the operating power after the AC participates in the under-voltage regulation. When
the smart controller receives the under-voltage regulation signal at the time tstart, the set
temperature increases from Tset to Tset

′. During tstart – tend, the compressor keeps the
standby state, which results in a decrease in operating power. In this way, the AC can
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provide regulation power for the under-voltage problem. The regulation power for the
under-voltage problem can be expressed as:

Punder
AC_i = −Pnormal

AC_i , (6)
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3. Optimization of Power Flow for the Distribution Network

To optimize the power supply quality of the distribution network, the nodal voltage
must be controlled within a permissible range to ensure the regular operation of the
electrical equipment. Therefore, it is crucial to calculate the power flow of the distribution
network according to the real-time load and power generation. The distribution system
operator formulates the control strategy of the ACs for voltage optimization according to
the over-limit situation of the nodal voltage.

3.1. Voltage Problem of the Distribution Network

The power supply quality of the power system affects the electrical equipment on
the user side. According to IEEE Recommended Practice for Monitoring Electric Power
Quality, the nodal voltage of the distribution network must be controlled within the range
of [0.9, 1.1] p.u. [24].

The simple distribution network model is shown in Figure 5. Zi is the impedance
between node i−1 and node i on the distribution line. U0 is the voltage of the reference
node, and Ui is the voltage of node i. When the illumination is sufficient in the daytime,
the PVs’ output may exceed the basic load, which causes a reverse power flow and even
the over-voltage problem (the voltage is higher than 1.1 p.u and the duration exceeds
1 min). When PVs stop output after office hours and the basic load of the user side soars,
the under-voltage problem may occur (the voltage is lower than 0.9 p.u. and the duration
exceeds 1 min). In addition, due to the impedance of the transmission line, the nodal
voltage decreases with the distance from the reference node. The nodal voltage can be
expressed as:

Ui= Ui−1−Zi·(I i+Ii+1 + . . . ), (7)

where Ii is the current flowing into node i.
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3.2. Sensitivity Coefficient Method

The sensitivity coefficient method is a common method to solve the nonlinear voltage
regulation problem. The compensation power required for voltage optimization was
obtained by calculating the voltage sensitivity coefficient and the voltage over-limit value.
The sensitivity coefficient matrix S is the inverse matrix of the Jacobian Matrix, which can
be calculated with the Newton–Raphson power flow algorithm:

S = Jacobian Matrix−1 =

[
SθP SθQ
SUP SUQ

]
, (8)

where SθP = ∂∆P/∂∆θ, SθQ = ∂∆Q/∂∆θ, SUP = U·∂∆P/∂∆U, and SUQ= U·∂∆Q/∂∆U.
∆P and ∆Q are the active and reactive power required for voltage regulation. ∆θ and ∆U
is the over-limit value of the phase angle and node voltage, respectively, which can be
expressed as:

∆U(t) =∆U1(t),∆U2(t), . . . ,∆Ui(t), (9)

∆Ui(t) =


Ui(t) − Umax , Ui(t) > Umax
Ui(t) − Umin , Ui(t) < Umin

0 , other
, (10)

where Umax and Umin are the upper and the lower voltage limit, respectively. When the
node voltage exceeds the upper or the lower voltage limit, the compensation power shall
be calculated to regulate the distribution network:

∆P(t) = S−1
UP(t)·∆U(t), (11)

When the under-voltage or over-voltage problem exists in the distribution network,
the regulation power can be calculated in the sensitivity coefficient method to eliminate the
voltage problem in the distribution network. However, the sensitivity coefficient method
neglects the capacity of the voltage regulation resources on the user side. For this reason,
a successive voltage regulation algorithm is developed to optimize the voltage of the
distribution network considering the voltage regulation capacity on the user side.

3.3. Successive Voltage Regulation Algorithm and the Control Strategy of ACs

The successive voltage regulation algorithm can optimize the voltage of the distri-
bution network to the permissive range. However, the successive voltage regulation
algorithm considers the voltage regulation capacity and needs less regulation power than
the sensitivity coefficient algorithm. The regulation process is achieved through PID
algorithm iteration: {

erri(n)= Ui(n) − Umax, Ui(n)> Umax
erri(n)= Ui(n) − Umin, Ui(n)< Umin

, (12)

∆Pi(n)= Kp·erri(n)+Ki·
n

∑
k=1

erri(k)+Kd·(err i(n) − err′i(n)), (13)
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where erri(n) represents the difference between the nodal voltage and Umax or Umin in
the nth iteration, when the nodal voltage exceeds the permissive range. Kp, Ki, Kd is the
coefficient of the PID algorithm. ∆Pi(n) is the regulation power of the node i in the nth
iteration. The algorithm is an iterative process that adopts the node-by-node regulation
mode. When the distribution network has a voltage problem, the node with the most severe
over-limit is subject to voltage regulation. The iteration of the PID algorithm continues
until the node with the most severe over-limit changes or all nodal voltages are within
the range of [0.9, 1.1] p.u. The flow chart of the successive voltage regulation algorithm is
shown in Figure 6. The regulation power of the node i is obtained by the PID algorithm.
If, in a specific case, the node of the voltage regulation resource is still not insufficient,
the ACs of the adjacent node will provide regulation power and participate in the voltage
optimization. In the regulation process, the participation priority of the ACs is based on the
room temperature. When the distribution network exists the over-voltage problem, the AC
with a higher room temperature has the higher participation priority. When the distribution
network exists the under-voltage problem, the AC with a lower room temperature has the
higher participation priority.
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4. Experiment and Results
4.1. Test System and Parameters

Simulation was performed using the MATLAB software (Version R2018a, MathWorks,
Natick, MA, USA) on a computer equipped with Intel (R) Core (TM) i7-7820 @ 2.90 GHz
and 32 GB memory. The IEEE 33-node power distribution system model was used to verify
the availability of the coordinated voltage optimization strategy. The model is shown in
Figure 7.
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In the IEEE 33-node power distribution system, node 1 was the reference node, and
the other nodes were “PQ” nodes. Each node was assumed to have 100 occupants. The
penetration rates of the PVs and the ACs were 85% and 100%, respectively. The parameters
of the AC model and the thermal model are shown in Table 1. The simulation time was
from 6:00 a.m. on the first day to 6:00 a.m. on the second day. There were 288-time nodes
in total, and each time node was 5 min. The powers of PVs and base load were obtained
from the literature [25], and the power curve is shown in Figure 8. The work time of PV
generation was 4:50–19:35, and power output reached the maximum value of 7.84 MW at
11:25. The load power fluctuated between 2.72 and 4.69 MW.

Table 1. The parameters of the AC model and the thermal model.

Parameter Definition Value Units

Tset The set temperature of the AC 22–26 ◦C
Thy The fluctuation temperature 1 ◦C
ca The heat capacity of the air 1.005 kJ/(kg·◦C)
ρa The heat density of the air 1.205 Kg/m3

V The volume of the room 75 m3

num Air exchange times 1/7200 Hz
Pcool The power of the cooling state 900 W
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Without any voltage optimization, the curves of the nodal voltage are shown in
Figure 9. Each curve indicates a nodal voltage. The gray curve indicates that the node
voltage does not exceed the range of [0.9, 1.1], and the green, blue, and red curves indicate
that the nodes have a voltage problem. It can be seen from the figure that node 18 is farthest
from the reference node. Therefore, the fluctuation of node 18 is the most serious. When
under-voltage occurs in the distribution network, the node voltage reaches the minimum
value of 0.8961 p.u. at 21:10. When over-voltage occurs in the distribution network, the
node voltage reaches the maximum value of 1.1051 p.u. at 10:55.

4.2. Voltage Optimization by the Sensitivity Coefficient Method and the Successive Voltage
Regulation Algorithm

The sensitivity coefficient algorithm is a commonly used voltage optimization al-
gorithm, which can directly calculate the reactive power and active power for voltage
regulation by the voltage sensitivity matrix. However, the calculation process of the sen-
sitivity coefficient method focuses on all nodes of the distribution network and neglects
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the capacity of the regulation resource. In this way, the calculated power is so great that
the ACs on the user side cannot provide it. Therefore, considering the limited ACs on the
user side, the successive voltage regulation algorithm was proposed to use less regulation
power for realizing voltage optimization. The curves of the nodal voltage and regulation
power by the sensitivity coefficient method and the successive voltage regulation algorithm
are shown in Figure 10.
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After regulating using the sensitivity coefficient method, the nodal voltage curves
are shown in Figure 10(a1,b1). It can be seen that the voltages are controlled within the
range of [0.9, 1.1] p.u. The voltage of node 18 decreases from 1.1051 p.u. to 1.0282 p.u. at
10:55 and increases from 0.8961 p.u. to 0.9195 p.u. at 21:10. As shown in Figure 10(c1), the
regulation power is mainly provided by node 18 and node 17, the maximum over-voltage
regulation power is greater than 200 kW, and the minimum power is greater than 150 kW.
However, the voltage regulation resources cannot provide so much power. When the
voltage regulation resources of the user side are limited, the sensitivity coefficient method
is unsuitable for calculating the regulation power.

Due to the limited regulation resources of the user side, the process of voltage regu-
lation should consider the voltage regulation capacity on the user side. The curves of the
nodal voltage after regulating using the successive voltage regulation algorithm are shown
in Figure 10(a2,b2). After regulating using the successive voltage regulation algorithm, the
voltages are controlled within the range of [0.9, 1.1] p.u. The voltage of node 18 decreases
from 1.1051 p.u. to 1.0997 p.u. at 10:55 and increases from 0.8961 p.u. to 0.9004 p.u. at
21:10. On the premise of keeping the voltage within the permissive range, the regulation
power can be afforded by the ACs on the user side. The regulation power calculated by the
successive voltage regulation algorithm is shown in Figure 10(c2). Additionally, to avoid
affecting the use of the ACs, the set temperatures of the ACs are controlled within the range
of 22–26 ◦C during the entire regulation process. The curves of the room temperature at the
node are shown in Figure 11.

The over-voltage regulation process of the successive voltage regulation algorithm
at 10:25~11:05 is shown in Table 2. The over-voltage problem begins at 10:25; 20 ACs
participate in voltage regulation and provide 10.61 kW of active power. The voltage of
node 18 decreases from 1.1006 p.u. to 1.0999 p.u. During 10:25~10:45, the ACs at node
18 can provide voltage regulation services for the distribution network. As the over-voltage
problem becomes severe, the ACs at node 18 cannot provide enough regulation power
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to keep the voltage of the distribution network within the range of [0.9, 1.1] p.u. The
ACs at node 17 begin to participate in voltage regulation. Aside from the 50.37 kW active
power provided by the 99 ACs at node 18, 21 ACs at node 17 also provide 11.24 kW active
power for voltage regulation. At 10:55, both node 18 and node 17 cannot provide enough
regulation power. Other 33 ACs at node 16 participate in voltage regulation and provide
17.74 kW of active power.
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Figure 10. The voltages curves of nodes and regulation power with the voltage optimization of the
sensitivity coefficient method and the successive voltage regulation algorithm: (a1) Over-voltage
optimization by the sensitivity coefficient method. (a2) Over-voltage optimization by the successive
voltage regulation algorithm. (b1) Under-voltage optimization by the sensitivity coefficient method.
(b2) Under-voltage optimization by the successive voltage regulation algorithm. (c1) The regulation
power calculated by the sensitivity coefficient method. (c2) The regulation power calculated by the
successive voltage regulation algorithm.
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Table 2. The over-voltage regulation process of the successive voltage regulation algorithm.

Time Node Quantity of ACs Power (kW)

10:25~10:30

16 0 0

17 0 0

18 20 10.61
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Table 2. Cont.

Time Node Quantity of ACs Power (kW)

10:30~10:35

16 0 0

17 0 0

18 0 0

10:35~10:40

16 0 0

17 0 0

18 29 15.51

10:40~10:45

16 0 0

17 0 0

18 81 41.89

10:45~10:50

16 0 0

17 21 11.24

18 99 50.37

10:50~10:55

16 0 0

17 64 33.36

18 81 40.88

10:55~11:00

16 33 17.74

17 99 50.79

18 62 31.56

11:00~11:05

16 13 6.86

17 88 44.81

18 42 21.07

5. Conclusions

With the development of demand–response technology, ACs have become a potential
voltage regulation resource. This paper proposed a coordinated voltage control strategy
by optimizing the limited regulation capacity of ACs. Firstly, a detailed thermoelectric
equivalent model of ACs was developed to accurately evaluate the dynamic thermal
changes of the room. Secondly, a successive voltage regulation algorithm was proposed to
calculate the optimal regulation power for voltage optimization. Thirdly, the regulation
strategy of the ACs was proposed to make full use of the voltage regulation potential and
avoid affecting the use of the ACs. Simulations were carried out to establish comparisons
with the sensitivity coefficient method. The results show that the coordinated voltage
control strategy can use less regulation power to achieve voltage optimization.

The enormous potential of ACs presents a tremendous opportunity for providing
voltage regulation services to the distribution network. However, the regulation capacity
of the ACs is limited, meaning that ACs cannot cope with the severe voltage problems for a
long time. Therefore, our future work will focus on developing the coordinated control
strategy of ACs and the traditional voltage regulation equipment.
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