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This paper proposes a coordinated optimal control strategy of PV generators and air-conditioning loads, in order to handle the
possible voltage beyond limit issues resulting from high penetration of PV generators in the distribution networks. This
strategy is achieved via coordinately considering the node voltage sensitivity and the adjustment-compensation bid model, to
improve the economy of the whole system. As a result, the shortage of the PVs’ reactive power control capability is
compensated by the adjustable air-conditioning loads, so that the waste of the photovoltaic power can be reduced or even
avoided. The case study using an IEEE standard 33-node system, which is further updated with the installation of 5 PV
generators and 5 air-conditioning loads, validates the correctness and effectiveness of the proposed control strategy.

1. Introduction

As the problem of energy shortage and environmental pollu-
tion is more critical, access of a distributed generator (DG)
such as PV and wind power to the distribution network
has become an important trend of distribution network
development. Distributed PV access to the distribution
network can realize the local balance of energy, cut the
investment, and reduce the loss of long-distance power
transmission. At the same time, making use of clean and
renewable PV power can replace traditional fossil energy
and improve energy structure. Due to the randomness and
volatility of the PV power, a large number of distributed
PV access also bring power quality problems, such as voltage
fluctuation and flicker and voltage off-limit to the power grid
[1], which endanger the safe and stable operation of the
power grid.

The problem of voltage off-limit has become one of the
main factors restricting the scale and permeability of distrib-
uted PV power in the distributed network [2]. When the PV
output is high and the load is light, it may easily cause the
problem of voltage off-limit [3]. Traditional solutions are

generally focused on the supply side, and the main solutions
are adjusting the reactive power of the PV inverter [4],
installing reactive-load compensation equipment such as a
reactor [5], and calling energy storage equipment to absorb
the extra PV power [6, 7]. If necessary, the measure of remov-
ing part of active power, namely, “waste of PV power,” must
be taken [8].

During the scheme above, due to the limit of the
power factor, adjusting the reactive power of the inverter
has limited effect on voltage adjustment, and the installing
of reactive compensation equipment and energy storage
equipment brings additional investment. The “waste of
PV power” reduces the utilization of renewable energy. If
the voltage can be ensured under the limit and the
economy can be improved at the same time, it will pro-
mote the scale and permeability of distributed PV in the
distribution network.

With the deeper research of smart grid and demand-
side response, more and more researchers begin to pay
attention to the great potential of flexible loads such as
air-conditioning in power system regulation [9]. At present,
relevant researches mainly focus on the establishment of
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an air-conditioning load model [10], the prediction of air-
conditioning load [11], and air-conditioning load partici-
pating in peak load regulation and frequency modulation
[10, 12]. If the regulation ability of an air-conditioning load
can be used, though increasing air-conditioning power to
consume the excessive PV power, it will be able to make up
for the inadequacy of photovoltaic reactive power regulation
ability and at the same time reduce the waste of PV power
and the investment of energy storage and reactive compensa-
tion equipment, which provides a new method to solve the
problem of voltage off-limit.

This paper considers the regulation potential of the
air-conditioning load which coordinates with the voltage
adjustment ability of PV itself and puts forward a voltage
control strategy for the distribution network of coordinated
optimization of photovoltaic and air-conditioning loads. In
the distribution network, when voltage exceeds the limit
due to the excess photovoltaic output, based on the voltage
sensitivity and the pricing model of photovoltaic and air
conditioner, the PV reactive power, air-conditioning load
and PV active power regulation is allocated, so that the
voltage limit control can be realized at the lowest amount
of compensation. At the same time, this strategy maximizes
the amount of photovoltaic power generation. On the other
hand, the air conditioner user gets the compensation dur-
ing the regulation, and after the adjustment, it can also
maintain indoor temperature at a relatively low power.
This strategy takes into account the benefits of the photo-
voltaic, air conditioner, and power grid side, which has
high economic efficiency.

2. The Pricing Model of PV and
Air-Conditioning

2.1. Adjustment-Compensation Bid Model of PVs. When
using the reactive voltage regulation capability of PV, the
maintenance cost should be taken into consideration:

cpv,q = cq, 1

where cpv,q is the compensation price for the reactive power
adjustment of PV and cq is the maintenance cost of PV
adjusting reactive power.

When using the active voltage regulation capability of
PV, the maintenance cost and the loss of power should be
taken into consideration:

cpv,p,i = c + cp + kpvPpv, 2

where cpv,p is the compensation price for the active power
adjustment of PV; c is the selling price of electricity, cp is
the maintenance cost of PV adjusting active power; kpv is
the user preference coefficient, which is determined by
each user; and Ppv is the amount of active power
adjustment.

2.2.Adjustment-CompensationBidModel ofAir-Conditioning
Loads. In this paper, the adjustment-compensation bid
model of air-conditioning loads is formulated by the

following steps: first, users define their temperature-
compensation model based on their choices between com-
fort and earning. Then the adjustment-compensation model
is formulated by combining the temperature-compensation
model and the thermodynamic model of the building where
the air-conditioning is located.

2.2.1. Temperature-Compensation Model. The temperature-
compensation model is shown in Figure 1, where Tmax,
Tmin, and Tdesire are user-specified maximum, minimum,
and desired indoor temperatures, respectively; cavg is the
average compensation price of a certain price history; σ is
the standard variation of the compensation prices during
the given history; kair is the user preference coefficient, which
is determined by each user; and the ΔT part in Figure 1 shows
the adjustable range [13].

The curve in Figure 1 can be expressed as the following
piecewise function:

T =

Tmax,  cair ≤ cavg − kairσ,
k1cair + b1,  cavg − kairσ < cair ≤ cavg,
k2cair + b2,  cavg < cair ≤ cavg + kairσ,
Tmin,  cair > cavg + kairσ,

3

where cair is the compensation price for air-conditioning and
k1, k2, b1, and b2 are coefficients.

2.2.2. Thermodynamic Model of the Building Where the Air-
Conditioning Is Located. In this paper, the equivalent thermal
parameter (ETP) model is used in the thermodynamic model
of the building where the air-conditioning is located, which is
shown in Figure 2 [14].
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Figure 1: The air-conditioning curve of cost and temperature.
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Figure 2: Equivalent thermal parameter model of air-conditioning.
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The ETP model has the following expression:

T in,t+1 = coe ⋅ T in,t + 1 − coe Tout,t
+ COP ⋅ R ⋅ 1 − coe ⋅ Pair,

4

coe = e−Δt/RC , 5

where C is the equivalent heat capacity, R is the equivalent
heat resistance, Tout,t is the outside temperature at t time,
T in,t is the indoor temperature at t time, Pair is the average
power from t time to t + 1 time, COP is the energy efficiency,
and Δt is the time interval.

By combining (3) with (4) and (5), the adjustment-
compensation model is finally formulated with the follow-
ing expression:

where Pmin is the minimum air-conditioning power, which is
equal to the larger value between 0 and air-conditioning
power when T = Tmax, and Pmax is the maximum air-
conditioning power, which is equal to the smaller value
between the rated power and the power when T = Tmin.

3. Coordinate Optimization Control Strategy of
PV and Air-Conditioning Load

3.1. Overall Framework. Figure 3 shows the coordinative
optimization control strategy of photovoltaic and air-
conditioning load. When the distribution network exists at
the voltage limit, voltage-centralized controllers make a
power flow calculation online in the distribution network.
Based on the Jacobi matrix, this paper deduces the active
and reactive power sensitivities of all nodes related to PV or
air-conditioning. Meanwhile, each PV and air-conditioning
submits its own adjustment quantity-compensation price
model. After sensitivities and adjustment, a quantity-
compensation price model is built; the target is to minimize
the total compensation. The objective function is estab-
lished by considering constraints which relate to voltage
overlimit elimination, power limit at each node, and users’
comfort index. The objective function is resolved to opti-
mize the adjustment of each PV and air-conditioning.
Each PV and air-conditioning gains access to the regula-
tion information. According to the adjustment, each PV
and air conditioner adjusts its own output to solve the
voltage overlimit problem.

3.2. Objective Function. For nodes where PV and air-
conditioning are installed, the target is to determine the
minimum compensation payment of regulation in the distri-
bution network, namely,

F Ppv,1,… , Ppv,Npv
,Qpv,1,… ,Qpv,Npv

, Pair,1,… , Pair,Nair

= min 〠
Npv

i=1
cpv,p,iPpv,i + cpv,q,iQpv,i + 〠

Nair

j=1
cair,jPair,j Δt ,

7

where Npv and Nair are the quantities of PV and air-condi-
tioning, respectively, which are involved in the regulation;
cpv,p,i and cpv,q,i are the compensation price of active and reac-
tive regulations, respectively, of the ith PV; and Ppv,i andQpv,i
are the active and reactive regulations, respectively, of the ith
PV. Pair,j is the power regulation of the jth air-conditioning,
and cair,j is the compensation price of the ith air-conditioning.

3.3. Constraints. On the basis of the objective function, the
constraints which need to be satisfied are as follows.

3.3.1. Constraint of the Elimination of Voltage Violation. The
elimination of voltage violation can be determined as follows:

ΔUn − 〠
Np

i=1
jp,i,nPi + 〠

Nq

k=1
jq,k,nQk ≤ α, n = 1, 2,… ,N ,

8

where ΔUn is the difference between voltage at the nth node
and 1.0 p.u.; N is the number of nodes in the distribution
network; Np and Nq are the nodes involved in active and
reactive power regulations, respectively; jp,i,n is the active
sensitivity of the ith node related to the nth node; jq,k,n is
the reactive sensitivity of the kth node related to the nth node;
Pi is the active regulation of the ith node; Qk is the reactive
regulation of the kth node; and α is the maximum voltage
deviation allowed during voltage controlling, which can be

Pair =

Pmin,  cair ≤ cavg − kairσ,

k1cair + b1 − e−Δt/RC ⋅ Tnow − 1 − e−Δt/RC Tout,t
R 1 − e−Δt/RC COP ,  cavg − kairσ < cair ≤ cavg,

k2cair + b2 − e−Δt/RC ⋅ Tnow − 1 − e−Δt/RC Tout,t
R 1 − e−Δt/RC COP ,  cavg < cair ≤ cavg + kairσ,

Pmax,  cair > cavg + kairσ,

6
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determined according to the actual voltage level and voltage
regulation requirements. This constraint means that the
voltage is within the range of 1 − α p.u. to 1 + α p.u.
after regulation.

3.3.2. Upper Bound of Power Regulation. For each PV gener-
ation, we have

Ppv,i ≤ Ppv,max,
Qpv,i ≤Qpv,max,

P2
pv,i +Q2

pv,i ≤ S2pv,i,
cos φi ≤ 0 98

9

Namely, solar power should not only meet the upper
bound of the active and reactive power output but also meet
the constraint of the power factor.

For each air-conditioning load, we have

Pair,i ≤ Pair,max, 10

which means that air-conditioning only needs to meet the
upper bound of the active power.

3.3.3. Constraint of Users’ Comfort. For each air-conditioning
load, it should also be that in the regulation process, the
indoor temperature does not exceed upper and lower tem-
perature limits that are defined by the users. Accordingly,
we have

Tmin ≤ T in,t+1 ≤ Tmax 11

4. Case Study

In order to verify the effectiveness of the proposed strategy,
this section makes a simulation analysis under the IEEE
33-node distribution system, as shown in Figure 4.

The 33-node test system was built in the DigSILENT/
PowerFactory simulation platform; 5 nodes are chosen from
the 33 nodes to install photovoltaic panels and another 5
nodes are placed with air-conditioning loads. The user type
and voltage sensitivity of each node are shown in Table 1.
Assume that the outdoor temperature is 34°C and the indoor
temperature is 26°C. The maximum temperature, minimum

temperature, and expected temperature designated by air-
conditioning users are 26°C, 18°C, and 22°C, respectively.
The air-conditioning load of each node is initially operated
with a minimum power to maintain the room temperature
not more than 26°C. The air-conditioning user benefit coeffi-
cient kair = 2, the PV panel user benefit coefficient kpv = 0 001,
and the maximum of permissible voltage deviation α = 0 03
p u. The operating and maintaining costs of the PV active
power and reactive power adjustment are $0.0008 per kW·h
and $0.0014 per kvar·h, respectively [15].

Compute sensitivity of
each node

Establish objective
function

Send regulation
information

Optimize adjustment of
each user

Adjustment
quantity

compensation
model

Regulate power
according to the

instructions

Air-conditioning load PVVoltage centralized
controller
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quantity
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Regulate power
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Figure 3: Coordinated optimal control structure of PV and air-conditioning.
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Figure 4: IEEE 33-node test system.

Table 1: The user type and voltage sensitivity of each node.

Node
number

User type
Installed
capacity

Voltage sensitivity
(p.u./MW (Mvar))

7 PV 1MVA
Active: 0.014041
Reactive: 0.015123

11 PV 2MVA
Active: 0.027051
Reactive: 0.025023

17 PV 2MVA
Active: 0.053279
Reactive: 0.054883

19 PV 1.5MVA
Active: 0.000424
Reactive: 0.000355

32 PV 2MVA
Active: 0.010038
Reactive: 0.009773

8 Air-conditioning 1MW Active: 0.019006

13 Air-conditioning 1MW Active: 0.037459

15 Air-conditioning 1MW Active: 0.044487

20 Air-conditioning 1MW Active: 0.000424

31 Air-conditioning 1MW Active: 0.010052
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Taking some node voltage of the 33-node main feeder is
overlimited as a consequence of the excess of photovoltaic
power at some time. Since the main feeder is a chain struc-
ture, making reactive power compensation at the end of the
feeder is the most effective [16]. Therefore, considering volt-
age sensitivities of the nodes where the PV and air condi-
tioners are located at the number 17 node at the end of the
main feeder, this section analyzes the optimal results.
Through online power flow calculation, the voltage sensitiv-
ities mentioned above can be achieved. The calculation result
is shown in Table 1.

4.1. Result of Control of Voltage beyond Limits.We adopt the
control strategy proposed in this paper and use the voltage
regulating equipment at each node to adjust the main feeder
voltage. A comparison of the raw and the adjusted voltage is
shown in Figure 4.

Due to the excess of photovoltaic power, without adopt-
ing the proposed strategy, voltage goes beyond the limit at
nodes 11–17 in Figure 5. The voltage limit violation is the
most serious at the number 17 node, where the voltage has
approached 1.083 p.u. That is why we need to take drastic
measures to ensure that the voltage at each node of the distri-
bution network meets the operational requirements. In the
strategy adopted, the voltage at each node is regulated within
an allowable range of 0.97 p.u. to 1.03 p.u., where voltage
overlimit constraints can be eliminated.

The amount of power adjustment of each user is shown
in Table 2. Voltage sensitivity of the number 7, number 11,
number 17, and number 32 nodes is high. And the PV reac-
tive power output of these four nodes reached the upper limit
of the reactive power output limited with the power factor
constraints. For the sake of lower voltage sensitivity, the
19th node has pool regulation effects and will not be involved
in the voltage regulation. The active power sensitivity of the
15th node is the most visible. The remaining power is
assumed by increasing the output of the air-conditioning at
the 15th node to meet the regulatory requirement. As a result,
the rest of the air-conditioning was loaded only with the min-
imum power to maintain the indoor temperature to meet
user comfort constraints, being unnecessary in participating
in the regulation. Besides, PV panels can maintain the

current generation power instead of curtailing PV power to
control voltage.

In summary, the proposed strategy can not only solve the
problem of distribution network voltage beyond the limit but
also avoid the curtailment of PV power.

4.2. Economic Analysis. The compensation price for partici-
pants in the regulation is shown in Table 3.

The duration time of regulation is 5min. We figure out
that the cost of the compensation is $2.3538. Making full
use of the reactive power regulation, the cost of which is
low, minimizes the use of PV power curtailment which is
expensive. Thus, this strategy can reach the minimum cost
of compensation paid by the grid. Minimizing the use of
PV power curtailment achieves the PV power accommoda-
tion maximization.

When the regulation ends, the air-conditioning load of
the number 15 node involved in this regulation turns off
and the room temperature recovers naturally. According to
(4) and (5), it takes 10min to recover from room temperature
to 26°C. In order to highlight the effect of the control strategy,
the following 2 control schemes are used for comparison. In
case 1, we adopt the strategy proposed in this paper. In case 2,
without using the proposed strategy, we maintain the room
temperature at 26°C. Considering the payment of electricity
and the variation of temperature, we compare case 1 with
case 2. The electricity price is $0.0783/kW·h which is an
experienced value based on the electricity price in China.

As is shown in Table 4, even if the air-conditioning is
turned off when the regulation ends, the temperature in the
room will not rise quickly in a short period of time. It is
because the buildings can store heat. The consumption is

Node number
2 4 6 8 10 12 14 16

V
 (p

.u
.)

0.98

1

1.02

1.04
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1.08

1.1

Before regulation
After regulation

Figure 5: The voltage of each node in the main feeder.

Table 2: The amount of adjustment of each user.

Node
number

User type
Active power

regulation (kW)
Reactive power
regulation (kvar)

7 PV 0 101.5295

11 PV 0 304.5885

17 PV 0 203.0590

19 PV 0 0

32 PV 0 304.5885

8 Air-conditioning 0 —

13 Air-conditioning 0 —

15 Air-conditioning 565.15 —

20 Air-conditioning 0 —

31 Air-conditioning 0 —

Table 3: The compensation price for participants in the regulation.

Node number Compensation price

7 $0.0014/kvar·h
11 $0.0014/kvar·h
17 $0.0014/kvar·h
32 $0.0014/kvar·h
15 $0.0487/kW·h
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very low for the duration. Therefore, the total electricity
consumption is maintained regardless of the increase in
temporary consumption. Besides, users participating in the
regulation can gain compensation from the grid company,
so the users actually can reduce the electricity payment. It
can be seen that the regulation and control proposed will
not cause any damage to users’ economic interests.

To summarize, the proposed strategy can effectively
solve the voltage beyond the limit and has high economic
efficiency.

5. Conclusions

This paper presents a distribution network voltage control
strategy based on the coordinated optimization of PV and
air-conditioning. The result of the case study shows that the
strategy can optimize and allocate the adjustment amount
of each PV and air-conditioning according to the sensitivity
and the adjustment-compensation bid models. Users who
are located in highly sensitive nodes and have lower compen-
sation price participate in the arrangement preferentially, so
that the grid can take the optimal control effect with the low-
est payment. The adjustment-compensation bid models are
submitted by PV and air-conditioning users themselves,
which ensures the interest of each user. In addition, air-
conditioning users can keep the indoor temperature with
lower power after the arrangement, and the waste of the
photovoltaic power can be reduced or even avoided. The
investment of reactive compensation equipment can be saved
to a certain degree as well. As a result, the benefits of all
the PV generators, the air-conditioning loads, and the grid
are guaranteed.

The presented strategy can be promoted to the coordi-
nated optimization of different kinds of loads and power
sources to solve problems like voltage drop caused by the loss
of active power. This makes contributions to restraining the
fluctuation of renewable power and improving the penetra-
tion of distributed generations.

Considering that the output of PV and air-conditioning
is time-variant, models reflecting the impact of response
characteristics accurately and strategies based on the output
characteristics of different loads and generators deserve
further research.
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