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DESCRIPTION 

Title of Invention 

AIR-CONDITIONING APPARATUS AND AIR-CONDITIONING METHOD 

Technical Field 

[0001] 5 

 The present disclosure relates to an air-conditioning apparatus including an 

outdoor unit that supplies refrigerant to a plurality of indoor heat exchangers, and to an 

air-conditioning method. 

Background Art 

[0002] 10 

 In an existing air-conditioning apparatus including an outdoor unit that supplies 

refrigerant to a plurality of indoor heat exchangers, the opening degree of each of 

electric expansion valves is determined based on a load, a refrigerant temperature, and 

operation conditions in order to perform a control for causing a room temperature of 

each room to reach a target room temperature, while keeping the state of the refrigerant 15 

appropriate in a refrigeration cycle. 

[0003] 

 For example, in Patent Literature 1, a discharge temperature is controlled based 

on the total opening degree of electric expansion valves connected to respective indoor 

heat exchangers.  The variation of the total opening degree of the electric expansion 20 

valves is divided and assigned to the electric expansion valves based on a ratio of a 

current air-conditioning capacity to a target air-conditioning capacity that is determined 

depending on the deviation of a room temperature from a target room temperature. 

[0004] 

 In Patent Literature 2, in order to keep a suction refrigerant state of a compressor 25 

appropriate, upper and lower limits of the opening degree of an electric expansion valve 

are variable depending on operation conditions. 

[0005] 

 In Patent Literature 3, the total opening degree of electric expansion valves is 

determined such that the degree of subcooling at an outdoor unit reaches a target 30 
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degree of subcooling, and opening degrees of indoor heat exchangers that are 

determined based on a capacity ratio between the indoor heat exchangers are each 

corrected based on the difference between the degree of superheat and the target 

degree of superheat at each indoor heat exchanger. 

Citation List 5 

Patent Literature 

[0006] 

 Patent Literature 1: Japanese Unexamined Patent Application Publication No. 8-

28983 

 Patent Literature 2: Japanese Unexamined Patent Application Publication No. 10 

2005-147541 

 Patent Literature 3: Japanese Unexamined Patent Application Publication No. 

2002-54836 

Summary of Invention 

Technical Problem 15 

[0007] 

 In such an air-conditioning apparatus, it is not ensured that the deviation of the 

room temperature from the target room temperature is minimized, since connected 

indoor heat exchangers differ from each other in type or installation condition.  For 

example, in Patent Literature 1, in the case where all the indoor heat exchangers are 20 

the same as each other regarding the difference between a suction temperature and a 

blowing temperature or the degree of superheat, the deviation of the room temperature 

from the target temperature is not reduced except for the case where the room 

temperature is coincident with the target room temperature.  Furthermore, in the case 

where an element limiting a driving range of the opening degree of the electric 25 

expansion valve is added in order to keep the state of the refrigerant appropriate as in 

Patent Literature 2, a control performance for the room temperature and the discharge 

temperature is deteriorated, and controls cannot be performed in parallel.  In addition, 

in the case where the degree of superheat is controlled as in Patent Literature 3, the 

degree of superheat on the suction side of a compressor cannot be controlled, an 30 
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energy saving performance may be deteriorated and an operation range may be limited. 

[0008] 

 The present disclosure is applied to solve the above problems, and an object 

described in the present disclosure is to cause a room temperature deviation to 

approach a minimum value while achieving a high-efficiency operation even in the case 5 

where a driving range of the opening degree of the electric expansion valve is limited, or 

even in the case where installation conditions vary. 

Solution to Problem 

[0009] 

 An air-conditioning apparatus according to an embodiment of the present 10 

disclosure includes: room temperature sensors that detects room temperatures of 

respective rooms; target room-temperature setting units that sets target room 

temperature of the respective rooms; a variable displacement type compressor that 

causes refrigerant to sequentially circulate through an outdoor heat exchanger, electric 

expansion valves, and indoor heat exchangers; a required-capacity calculation unit that 15 

calculates each of required capacities for the respective rooms using a value that is 

obtained by integrating a deviation of an associated one of the room temperatures from 

an associated one of the target room temperatures; an electric expansion-valve total 

opening degree output unit that outputs a total opening degree of the electric expansion 

valves, each of which is connected to an associated one of the indoor heat exchangers; 20 

a temporary electric expansion-valve opening degree calculation unit that calculates 

each of temporary opening degrees of the electric expansion valves for the respective 

rooms, using an associated one of the required capacities and the total opening degree; 

an evaluation function derivation unit that obtains a distance function with an associated 

one of the temporary opening degrees of the electric expansion valves, as an evaluation 25 

function, using an associated one of opening degrees of the electric expansion valves 

as a variable; an equality constraint derivation unit that obtains equality constraints to 

equalize the sum of the opening degrees that is a variable to the total opening degree; 

an electric expansion-valve opening degree upper/lower limit calculation unit that 

calculates an upper limit and a lower limit of each of the opening degrees; an inequality 30 
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constraint derivation unit that obtains inequality constraints in which each of the opening 

degrees meets falls within a range of the upper limit to the lower limit; and an 

optimization problem calculation unit that calculates each of the opening degrees by 

solving an optimization problem from the evaluation function, the equality constraints, 

and the inequality constraints. 5 

[0010] 

 An air-conditioning method according to another embodiment of the present 

disclosure includes: a room temperature detection step of detecting room temperatures 

of a plurality of rooms; a target room temperature setting step of setting target room 

temperatures of the plurality of rooms; a circulation step of causing refrigerant to 10 

sequentially circulate an outdoor heat exchanger, electric expansion valves, and indoor 

heat exchangers, using a variable displacement type compressor; a required capacity 

calculation step of calculating each of required capacities for the plurality of rooms, 

using a value that is obtained by integrating a deviation of an associated one of the 

room temperatures from an associated one of the target room temperatures; an electric 15 

expansion-valve total opening degree output step of outputting a total opening degree of 

the electric expansion valves, each of which is connected to an associated one of the 

indoor heat exchangers; a temporary electric expansion-valve opening degree 

calculation step of calculating a temporary electric expansion-valve opening degree of 

each of the plurality of rooms by using the corresponding required capacity and the total 20 

opening degree; an evaluation function derivation step of obtaining a distance function 

with the an associated one of the temporary opening degrees of the electric expansion 

valves as an evaluation function, using an associated one of the opening degrees of the 

electric expansion valves as a variable; an equality constraint derivation step of 

obtaining equality constraints to equalize the sum of the opening degrees as a variable 25 

to the total opening degree; an electric expansion-valve opening degree upper/lower 

limit calculation step of calculating an upper limit and a lower limit of each of the 

opening degrees; an inequality constraint derivation step of deriving inequality 

constraints in which each of the opening degrees falls within a range of the upper limit 

to the lower limit; and an optimization problem calculation step of calculating each of the 30 



5 
 

opening degrees by solving an optimization problem from the evaluation function, the 

equality constraints, and the inequality constraints. 

Advantageous Effects of Invention 

[0011] 

 According to the embodiments of the present disclosure, it is possible to cause a 5 

room temperature deviation to approach the minimum value while achieving a high-

efficiency operation within an allowable driving range of the electric expansion-valve 

opening degree. 

Brief Description of Drawings 

[0012] 10 

 [Fig. 1] Fig. 1 is a schematic diagram of an air-conditioning apparatus according 

to Embodiment 1 of the present disclosure. 

 [Fig. 2] Fig. 2 is a diagram illustrating a configuration of a controller according to 

Embodiment 1 of the present disclosure. 

 [Fig. 3] Fig. 3 is a diagram illustrating a control flow according to Embodiment 1 of 15 

the present disclosure. 

 [Fig. 4] Fig. 4 is a block diagram illustrating a unit that calculates a frequency that 

is output by a frequency output unit in Embodiment 1 of the present disclosure. 

 [Fig. 5] Fig. 5 is a block diagram regarding calculation of an opening degree of an 

electric expansion valve during a cooling operation in Embodiment 1 of the present 20 

disclosure. 

 [Fig. 6] Fig. 6 is a block diagram regarding calculation of the opening degree of 

the electric expansion valve during a heating operation according to Embodiment 1 of 

the present disclosure. 

Description of Embodiments 25 

[0013] 

Embodiment 1 

 Fig. 1 is a schematic diagram of an air-conditioning apparatus 1 according to 

Embodiment 1 of the present disclosure.  In the air-conditioning apparatus 1, a variable 

displacement compressor 101, a four-way valve 102, an outdoor heat exchanger 103, 30 
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electric expansion valves 104a and 104b, and indoor heat exchangers 105a and 105b 

are sequentially connected by pipes.  Regarding Embodiment 1, Fig. 1 illustrates two 

indoor heat exchangers 105a and 105b; however, three or more indoor heat 

exchangers may be connected.  It should be noted that suffixes a and b of reference 

signs are used to distinguish components related to respective rooms from each other; 5 

that is, each of the suffixes a and b is used to indicate components related to an 

associated room.  Embodiment 1 will be described by referring to by way of example 

the case where two rooms are present. 

[0014] 

 In a cooling cycle, refrigerant discharged from the compressor 101 passes 10 

through the four-way valve 102 in the direction indicated by each of solid lines, and 

transfers heat in the outdoor heat exchanger 103.  The refrigerant that has passed 

through the outdoor heat exchanger is reduced in pressure by the electric expansion 

valves 104a and 104b to change into low-temperature two-phase refrigerant.  The low-

temperature two-phase refrigerant receives heat at the indoor heat exchangers 105a 15 

and 105b.  The refrigerant that has received heat at the indoor heat exchangers 105a 

and 105b is sucked into the compressor 101. 

[0015] 

 In a heating cycle, the refrigerant discharged from the compressor 101 passes 

through the four-way valve 102 in the direction indicated by each of dashed lines, and 20 

transfers heat at the indoor heat exchangers 105a and 105b.  The refrigerant that has 

transferred heat at the indoor heat exchangers 105a and 105b is reduced in pressure by 

the electric expansion valves 104a and 104b to change into low-temperature two-phase 

refrigerant.  The low-temperature two-phase refrigerant receives heat at the outdoor 

heat exchanger 103.  The refrigerant that has passed through the outdoor heat 25 

exchanger is sucked into the compressor 101. 

[0016] 

 To a suction side of the compressor 101, an accumulator may be connected.  

Furthermore, a receiver may be connected between the outdoor heat exchanger 103 

and the electric expansion valves 104, and an electric expansion valve may be 30 
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connected between the receiver and the outdoor heat exchanger 103. 

[0017] 

 The air-conditioning apparatus 1 includes a controller 10.  The controller 10 

acquires sensor values from various kinds of sensors such as room temperature 

sensors 106a and 106b, a discharge temperature sensor 108, degree-of-superheat 5 

sensors 109a and 109b, and degree-of-subcooling sensors 110a and 110b.  In 

addition, the controller 10 acquires target room temperatures for the indoor heat 

exchangers 105a and 105b, from target room-temperature setting units 107a and 107b 

such as remote control units each of which allows a user to set a desired room 

temperature.  The room temperature may be set not by the user, but also by a high-10 

order control system or similar systems. 

[0018] 

 The controller 10 determines a frequency of the compressor 101 and operation 

amounts of the electric expansion valves 104a and 104b based on the sensor values 

from the various kinds of sensors as described above and the target room temperatures 15 

set by the target room-temperature setting units 107a and 107b. 

[0019] 

 Fig. 2 is a diagram illustrating a configuration of the controller according to 

Embodiment 1 of the present disclosure.  The controller 10 includes a storage device 

11 such as a memory, and an arithmetic device 12 such as a processor.  The storage 20 

device 11 stores the target room temperatures (set room temperatures) set by the target 

room-temperature setting units 107 for respective rooms (room a and room b in 

Embodiment 1).  Furthermore, the storage device 11 stores sensor values of the 

discharge temperature sensor 108, the room temperature sensors 106, the degree-of-

superheat sensors 109, and the degree-of-subcooling sensors 110.  The discharge 25 

temperature sensor 108 measures the discharge temperature of the refrigerant.  The 

room temperature sensors 106 measure the room temperatures of the rooms.  The 

degree-of-superheat sensors 109 measure the degrees of superheat at the indoor heat 

exchangers provided in the respective rooms.  The degree-of-subcooling sensors 110 

measure the degrees of subcooling at the indoor heat exchangers in the respective 30 
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rooms.  Furthermore, the storage device 11 stores a control gain, an upper limit of the 

degree of superheat, and a lower limit of the degree of subcooling. 

[0020] 

 The arithmetic device 12 performs a calculation using numerical values stored in 

the storage device 11, and outputs the opening degrees of the electric expansion 5 

valves, the frequency of the compressor, and the target discharge temperature.  The 

data on the opening degrees of the electric expansion valves, the frequency of the 

compressor and the target discharge temperature that is output by the arithmetic device 

12 is stored in the storage device 11, and is used to drive the electric expansion valves 

104 and the compressor 101 of the air-conditioning apparatus 1. 10 

[0021] 

 The arithmetic device 12 includes, for example, an electric expansion-valve total 

opening degree output unit 2, an electric expansion-valve opening degree upper/lower 

limit calculation unit 3, a required-capacity calculation unit 4, a temporary electric 

expansion-valve opening degree calculation unit 5, an evaluation function derivation unit 15 

201, an equality constraint derivation unit 202, an inequality constraint derivation unit 

203, and an optimization problem calculation unit 204.  The setting and names of the 

above units are determined merely as a matter of convenience for explanation.  That 

is, larger units may be provided in place of the above units. 

[0022] 20 

 Fig. 3 is a diagram illustrating a control flow according to Embodiment 1 of the 

present disclosure.  For example, the required-capacity calculation unit 4 receives an 

output from the target temperature setting unit 107a and an output from the room 

temperature sensor 106a, and outputs a required capacity of the indoor heat exchanger 

105a.  Likewise, regarding the other room, the required-capacity calculation unit 4 25 

receives an output from the target temperature setting unit 107b and an output from the 

room temperature sensor 106b, and outputs a required capacity of the indoor heat 

exchanger 105b.  The temporary electric expansion-valve opening degree calculation 

unit 5 receives as the total opening degree of the electric expansion valves, an electric 

expansion-valve total opening degree that is output from the electric expansion-valve 30 
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total opening degree output unit 2, and the required capacities of the indoor heat 

exchangers 105.  The temporary electric expansion-valve opening degree calculation 

unit 5 outputs temporary electric expansion valve opening degrees as temporary 

opening degrees of the electric expansion valves.  The electric expansion-valve 

opening degree upper/lower limit calculation unit 3 outputs electric expansion-valve 5 

opening degree upper and lower limits associated with the rooms, as upper and lower 

limits of the opening degrees of the electric expansion valves associated with the 

respective rooms. 

[0023] 

 The electric expansion-valve opening degree calculation unit 6 includes the 10 

evaluation function derivation unit 201, the equality constraint derivation unit 202, and 

the inequality constraint derivation unit 203.  The evaluation function derivation unit 

201 obtains an evaluation function from the temporary electric expansion-valve opening 

degrees output by the temporary electric expansion-valve opening degree calculation 

unit 5, and outputs the evaluation function.  The equality constraint derivation unit 202 15 

obtains an equality constraint from the electric expansion-valve total opening degree 

output by the electric expansion-valve total opening degree output unit 2, and outputs 

the equality constraint.  The inequality constraint derivation unit 203 obtains an 

inequality constraint from the electric expansion-valve opening degree upper and lower 

limits output by the electric expansion-valve opening degree upper/lower limit 20 

calculation unit 3, and outputs the inequality constraint. 

[0024] 

 The optimization problem calculation unit 204 calculates electric expansion-valve 

opening degrees that are opening degrees of the electric valves, as the solution of an 

optimization problem including the evaluation function, the equality constraints, and the 25 

inequality constraints, and outputs the electric expansion-valve opening degrees as 

outputs of the electric expansion-valve opening degree calculation unit 6. 

[0025] 

 Fig. 4 is a block diagram illustrating a unit that calculates a frequency that is 

output by a frequency output unit in Embodiment 1 of the present disclosure.  First, 30 
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each of room temperature deviations is applied as an input, and a temporary partial 

frequency is determined by an equation 1 and is output.  It should be noted that each 

of the room temperature deviations is the difference between the room temperature of 

an associated room and the target room temperature (set room temperature) of the 

associated room. 5 

[0026] 

[Math 1] 

 

[0027] 

 In the equation, k is a discrete time; i is a room number, and in this example, i is a 10 

room number of each of two rooms; Fp_tmp is the temporary partial frequency, KpF is a 

proportional gain, KiF is an integral gain, Trtgt is a target room temperature, Tr is a room 

temperature, and Ts is a control period. 

[0028] 

 When the temporary partial frequency is calculated by a controller including an 15 

integrator in the above manner, it is possible to determine a frequency that is required 

by each of the indoor heat exchangers 105, while reducing a disturbance that is caused 

by a change in indoor heat load, the difference in installation condition between the 

indoor heat exchangers, the variation between hardware, etc.  In the case where each 

of actuators operates within a range between upper and lower limits, it is possible to 20 

ensure that the room temperature approaches the target room temperature.  In 

addition, as described above, each of the indoor heat exchangers 105 has a partial 

frequency, and can thus be automatically given the magnitude of a frequency change 

when the number of indoor units is changed. 

[0029] 25 

 Next, the temporary partial frequency passes through a first-order F limiter, and a 

partial frequency is determined by an equation 2 and is output. 

[0030] 
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[Math 2] 

 

[0031] 

 In the equation, Fpmax_c is a previously determined constant.  Since upper and 

lower limits are set, it is possible to possible to avoid the required frequency from 5 

becoming a negative value or an excess value.  Furthermore, Fpmin is calculated using 

an equation 3, from the frequency, the electric expansion-valve total opening degree, 

and an electric expansion-valve opening degree lower limit that is a lower limit of the 

opening degree of the electric expansion valve. 

[0032] 10 

[Equation 3] 

 

[0033] 

 In the equation, F is the frequency, Cpmin is the electric expansion-valve opening 

degree lower limit, and C is the electric expansion-valve total opening degree, and a 15 

calculation method using these elements will be described later.  Since the lower limit 

of the first-order F limiter is calculated in the above manner, in the case where an 

electric expansion valve is operated, with the opening degree of the electric expansion 

valve set to the lower limit, the temporary partial frequency associated with the electric 

expansion valve is greater than or equal to the temporary partial frequency in a one-20 

previous step.  As a result, it is possible to avoid a failure of cooling during the cooling 

operation, and to avoid a failure of heating during the heating operation. 

[0034] 

 Next, a temporary frequency is calculated using an equation 4, as the total sum of 

the partial frequencies. 25 
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[0035] 

[Equation 4] 

 

[0036] 

 In the equation, F_tmp is the temporary frequency.  Finally, the temporary 5 

frequency is applied as an input, and a frequency is determined by an equation 5 and is 

output. 

[0037] 

[Equation 5] 

 10 

[0038] 

 In the equation, F is the frequency, Fmax_c is a maximum frequency determined in 

advance, and Fmin_c is a minimum frequency determined in advance. 

[0039] 

 In the example as illustrated in Fig. 4, a PI controller is used to calculate the 15 

temporary partial frequency Fp_tmp; however, the control to be applied is not limited to 

the PI control.  For example, the control to be applied may be an I control, a PID 

control, an LQI control, a model predictive control with an integrator, or a two-degree-of-

freedom control, or may be a control method including upper and lower limits and anti-

reset windup processing of an integrator in addition to basic configurations of the above 20 

controls. 

[0040] 

 Fig. 5 is block diagram for calculation of the opening degree of each electric 

expansion valve in Embodiment 1 of the present disclosure, and illustrates the controller 
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10 during the cooling operation.  First, the electric expansion-valve total opening 

degree output unit 2 receives a discharge temperature deviation as an input, and 

determines the total opening degree of the electric expansion valves using an equation 

6 and outputs the total opening degree as an electric expansion-valve total opening 

degree. 5 

[0041] 

[Equation 6] 

 

[0042] 

 In the equation, k is the discrete time, C is the electric expansion-valve total 10 

opening degree, KpC is a proportional gain, KiC is an integral gain, Tdtgt is a target 

discharge temperature, Td is a room temperature, and Ts is the control period. 

[0043] 

 In the above manner, since the discharge temperature is controlled by the 

controller including the integrator, it is possible to ensure that the discharge temperature 15 

approaches the target discharge temperature.  Thus, since the discharge temperature 

is controlled with a high accuracy, it is possible to improve an energy saving 

performance and reduce a failure rate of the compressor. 

[0044] 

 The electric expansion-valve total opening degree output unit 2 as illustrated in 20 

Fig. 5 uses a PI controller; however, the control to be applied is not limited to the PI 

control.  For example, the control to be applied may be an I control, a PID control, an 

LQI control, a model predictive control with an integrator, or a two-degree-of-freedom 

control, or may be a control method including upper and lower limits and anti-reset 

windup processing of an integrator in addition to basic configurations of the above 25 

controls.  Furthermore, the degree of superheat on the suction side of the compressor, 

the degree of discharge superheat at the compressor, the degree of superheat or the 
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degree of subcooling at an outlet of a representative indoor heat exchanger 105 may be 

controlled instead of the control of the discharge temperature. 

[0045] 

 The electric expansion-valve opening degree upper/lower limit calculation unit 3 

first receives as an input, the difference between the maximum value of the degree of 5 

superheat that is determined in advance and the degree of overheat at the current time 

regarding each of the indoor heat exchangers 105, and determines a temporary lower 

limit opening degree of the electric expansion valve using an equation 7 and outputs the 

temporary lower limit opening degree as a temporary electric expansion-valve lower 

limit opening degree. 10 

[0046] 

[Equation 7] 

 

[0047] 

 In the equation, k is the discrete time; i is a room number, and in this case, i is a 15 

room number of each of two rooms, Cpmin_tmp is the temporary electric expansion-valve 

lower limit opening degree, Kpcpmin is a proportional gain, Kicpmin is an integral gain, 

Tshmaxc is the maximum value of the degree of superheat of each at the indoor heat 

exchangers 105, Tsh is the degree of superheat of each of the indoor heat exchangers 

105, and Ts is the control period. 20 

[0048] 

 In the above manner, the electric expansion-valve opening degree lower limit is 

calculated from the degree of superheat and the maximum degree of superheat, 

whereby it is possible to prevent the degree of superheat from being excessively great, 

and to avoid occurrence of a dew splash phenomenon and reduction of the heat 25 

exchange efficiency.  Furthermore, it is required that the operation is performed at the 

maximum degree of superheat, though whether it is required or not depends on the 

condition.  In view of this point, the integrator is provided, whereby it is possible to 
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perform an operation for causing the degree of superheat to approach the maximum 

value heat, and thus achieve a control which is not conservative.  The degree of 

superheat Tsh may be determined as the difference between values obtained by 

temperature sensors provided close to the outlet and inlet of each of the indoor heat 

exchangers 105, or may be determined as the difference between an evaporating 5 

temperature that is obtained by conversion from a pressure sensor and a value 

obtained by the temperature sensor provided close to the outlet of the indoor heat 

exchanger 105. 

[0049] 

 The electric expansion-valve opening degree upper/lower limit calculation unit 3 10 

as illustrated in Fig. 5 uses a PI controller; however, the control to be applied is not 

limited to the PI control.  For example, the control to be applied may be an I control, 

PID control, an LQI control, a model predictive control with an integrator, or a two-

degree of freedom control, or may be a control method including upper and lower limits 

and anti-reset windup processing of an integrator in addition to basic configurations of 15 

the above controls.  Furthermore, in the case where it is not necessary to set the 

maximum value of the degree of superheat, it is unnecessary to use the controller such 

as the PI controller, and it suffices that the equation “Cpmin (k, i) = Cpmin_c” is satisfied. 

[0050] 

 Each of the indoor heat exchangers 105 includes the degree-of-superheat sensor 20 

109 that detects the degree of superheat, and the electric expansion-valve opening 

degree upper/lower limit calculation unit 3 determines a lower limit using an integrator 

based on, in the cooling cycle, the deviation between the upper limit of the degree of 

superheat and the degree of superheat. 

[0051] 25 

 Next, the temporary electric expansion-valve lower limit opening degree is 

applied as an input, and a lower limit of the opening degree of the electric expansion 

valve is determined by an equation 8 and is output as an electric expansion-valve lower 

limit opening degree. 

[0052] 30 
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[Equation 8] 

 

[0053] 

 In the equation, Cpmin_c and Cpmax_c are constants determined in advance.  

Therefore, the electric expansion-valve opening degree upper/lower limit calculation unit 5 

3 outputs Cpmin_c as the electric expansion-valve opening degree lower limit, and outputs 

Cpmax_c as the electric expansion-valve opening degree upper limit. 

[0054] 

 The required-capacity calculation unit 4 is an element that calculates the required 

capacity from the room temperature deviation.  To be more specific, the required-10 

capacity calculation unit 4 calculates the required capacity for each room, using a value 

obtained by integrating the deviation between the room temperature and the target 

room temperature.  The above partial frequency is also calculated from the room 

temperature deviation, and can be regarded as the required capacity of the associated 

indoor heat exchanger 105.  Therefore, the partial frequency Fp can be used as it is, as 15 

the output of the required-capacity calculation unit 4.  Since the unit that calculates the 

partial frequency includes the integrator, a value corresponding to a load during an 

actual operation is output as the required capacity.  Therefore, in the case where an 

influence by disturbance is reduced and each of the actuators operates within the range 

between the upper and lower limits, it is possible to ensure that each of the room 20 

temperatures is made to approach an associated target room temperature. 

[0055] 

 Furthermore, the frequency of the compressor 101 is the sum of the required 

capacities.  Therefore, the frequency of the compressor 101 and the opening degree of 

the electric expansion valve are related to each other to improve the responsiveness of 25 

the room temperature control for each room. 
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[0056] 

 Furthermore, the required-capacity calculation unit 4 calculates a lower limit of 

each of the required capacities in a subsequent step from the electric expansion-valve 

total opening degree, each of the electric expansion-valve opening degree lower limits, 

and each of the required capacities in the current step. 5 

[0057] 

 The temporary electric expansion-valve opening degree calculation unit 5 

receives as inputs, the required capacities and the electric expansion-valve total 

opening degree, and determines the temporary opening degrees of the electric 

expansion valves using an equation 9 and outputs the temporary opening degrees as 10 

temporary electric expansion valve opening degrees.  Even in the case where not all of 

the room temperatures can be made to approach the respective target room 

temperatures within the allowable operation range, the room temperature of a room 

having the greatest load can be made to follow an associated target room temperature, 

and it is possible to avoid a failure of cooling during the cooling operation and a failure 15 

of heating during the heating operation. 

[0058] 

[Equation 9] 

 

[0059] 20 

 In the equation, Cp_tmp is the temporary expansion-valve opening degree.  This 

means that the total opening degree of the electric expansion valves is divided into 

opening degrees and the opening degrees are assigned as the opening degrees of the 

electric expansion valves, based on a required frequency ratio.  In an existing method, 

the total opening degree of electric expansion valves is divided into opening degrees 25 

and the opening degrees are assigned as the opening degrees of the electric expansion 

valves, based on a capacity ratio between the indoor heat exchangers 105; however, 

this existing method cannot reduce the influence by a disturbance, etc., during an actual 
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operation, and it is not ensured that the room temperature is made to approach the 

target room temperature.  Furthermore, according to another method, the value by 

which the total opening degree of electric expansion valves is increased/decreased in 

each step is divided into values and the values are assigned to the electric expansion 

valves, based on the capacities; however, in this method, the responsiveness is not 5 

satisfactory in a range in which the total opening degree of the electric expansion valves 

is stable and the value by which the total opening degree is increased/decreased is 

small.  By contrast, in the embodiment of the present disclosure, the entire total 

opening degree of the electric expansion valves is divided into opening degrees and the 

opening degrees are assigned as the opening degrees of the electric valves, based on 10 

required capacities that change in an actual operation.  It is therefore possible to 

promptly cause the room temperature to approach the target room temperature. 

[0060] 

 The electric expansion-valve opening degree calculation unit 6 is an element that 

formulates an optimization problem and finds solutions.  A determination variable of the 15 

optimization problem is the electric expansion-valve opening degree.  First, the 

evaluation function derivation unit 201 obtains an elevation function from the temporary 

expansion-valve opening degree using an equation 10 and outputs the elevation 

function. 

[0061] 20 

[Equation 10] 

 

[0062] 

 In the equation, J is the evaluation function.  In the above example, as an index 

for minimization, a Euclidean distance function that is a square of a Euclidean distance 25 

between the electric expansion-valve opening degree and the temporary electric 

expansion-valve opening degree is used.  However, a distance defined by Lp norm or 
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the n-th power (n is positive value) of the distance defined by Lp norm may be used, or 

an evaluation function with a regularization term may be used.  The evaluation function 

derivation unit 201 uses the opening degree of each of the electric expansion valves as 

a variable to obtain a distance function with the temporary electric expansion-valve 

opening degree, as the evaluation function. 5 

[0063] 

 Next, the equality constraint derivation unit 202 obtains equality constraints from 

the electric expansion-valve total opening degree, using an equation 11.  Although in 

this example, the equality constraints are used, constraints allowing a certain degree of 

error may be used, and the equality constraints include not only equalities but also 10 

pseudo equality constraints allowing a predetermined error. 

[0064] 

[Equation 11] 

 

[0065] 15 

 Finally, the inequality constraint derivation unit 203 obtains inequality constraints 

from the electric expansion-valve opening degree upper and lower limits, using an 

equation 12, and outputs the inequality constraints. 

[0066] 

[Equation 12] 20 

 Cpmin(k, i) ≤ Cp(k, l) ≤ Cpmax_c, i = 1, 2    (12) 

[0067] 

 Therefore, the optimization problem is formulated as an equation 13. 

[0068] 

[Equation 13] 25 
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[0069] 

 The optimization problem is a quadratic program problem, and the optimization 

problem calculation unit 204 can efficiently find solutions.  As described above, the 

optimization problem is formulated, whereby it is possible to cause the discharge 5 

temperature to approach the target value, to avoid occurrence of a dew flying 

phenomenon and reduction of the efficiency that would be caused by an excessively 

great degree of superheat, and to bring the room temperatures close to the target room 

temperatures as much as possible.  Furthermore, when the solutions are under the 

upper and lower limit constraints; that is, when the upper and lower limit constraints are 10 

inactive, it is ensured that the discharge temperature and the room temperatures 

approach the respective target values while keeping the degree of superheat within an 

allowable range.  In the solutions, when the value of a certain element is a lower limit, 

the degree of superheat of an associated indoor heat exchanger 105 approaches the 

maximum value, the discharge temperature approaches the target discharge 15 

temperature, the room temperature of the indoor heat exchanger 105 other than the 

indoor heat exchanger 105 associated with the lower limit approaches the target room 

temperature, and the room temperature of the indoor heat exchanger 105 associated 

with the lower limit falls below the target room temperature, but the operation is 

performed to bring the room temperature close to the target temperature as much as 20 

possible. 

[0070] 
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 Fig. 6 is a block diagram related to calculation of the electric expansion-valve 

opening degrees in Embodiment 1 of the present disclosure, and illustrates the 

controller 10 during the heating operation.  Fig. 5 is referred to in the above description 

concerning the controller 10 during the cooling operation, whereas Fig. 6 is referred to 

in the following description concerning the controller 10 during the heating operation.  5 

The controller 10 controls the air-conditioning apparatus 1 by switching the configuration 

of the controller 10 between configurations illustrated by the block diagrams of Figs. 5 

and 6 when the operation of the air-conditioning apparatus 1 is switched to the cooling 

operation or the heating operation. 

[0071] 10 

 The elements other than the electric expansion-valve opening degree 

upper/lower limit calculation unit 3 are the same as those as illustrated in Fig. 5.  Thus, 

the following description is made by referring mainly to the differences between the 

configurations as illustrated in Figs. 5 and 6.  The electric expansion-valve opening 

degree upper/lower limit calculation unit 3 receives as an input, the difference between 15 

the minimum value of the degree of subcooling and the degree of subcooling, and 

determines the upper limit of the opening degree of the electric expansion valve using 

an equation 14 and outputs the upper limit. 

[0072] 

[Equation 14] 20 

 

[0073] 

 In the equation, k is the discrete time; i is a room number, and in this example, i is 

a room number of each of two rooms, Cpmax_tmp is the temporary electric expansion-

valve opening degree upper limit, Kpcpmax is a proportional gain, Kicpmax is an integral 25 

gain, Tscmin_c is the minimum value of the degree of subcooling at each indoor heat 
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exchanger 105, Tsc is the degree of subcooling at each indoor heat exchanger 105, and 

Ts is the control period. 

[0074] 

 The electric expansion-valve opening degree upper limit is calculated in the 

above manner, whereby the degree of subcooling can be controlled to be set greater 5 

than or equal to the lower limit, and to avoid generation of refrigerant sound that would 

be generated when two-phase refrigerant passes through the electric expansion valve.  

The degree of subcooling Tsc may be determined as the difference between values 

obtained by temperature sensors provided close to the outlet and the inlet of each 

indoor heat exchanger 105, or may be determined as the difference between a 10 

condensing temperature that is obtained by conversion from the pressure sensor and a 

value obtained by the temperature sensor close to the outlet of each indoor heat 

exchanger 105. 

[0075] 

 The electric expansion-valve opening degree upper/lower limit calculation unit 3 15 

as indicated in Fig. 6 uses a PI controller; however, the control to be applied is not 

limited to the PI control.  For example, the control to be applied may be the I control, 

the PID control, the LQI control, the model predictive control with an integrator, or the 

two-degree of freedom control, or may be the control method including upper and lower 

limits and anti-reset windup processing of an integrator in addition to the basic 20 

configuration of the above controls.  Furthermore, in the case where the minimum 

value of the degree of subcooling does not need to be set, it is unnecessary to use the 

controller such as the PI controller, and it suffices that the equation “Cpmax(k, i) = Cpmax_c” 

is satisfied. 

[0076] 25 

 Each of the indoor heat exchangers 105 includes the degree-of-subcooling 

sensor 110 that detects the degree of subcooling, and the electric expansion-valve 

opening degree upper/lower limit calculation unit 3 obtains, in the heating cycle, the 

upper limit with an integrator using the deviation between the lower limit of the degree of 

subcooling and the degree of subcooling. 30 
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[0077] 

 Next, the temporary electric expansion-valve upper limit opening degree is 

applied as an input, and the electric expansion-valve upper limit opening degree is 

obtained using an equation 15. 

[0078] 5 

[Equation 15] 

 

[0079] 

 In the equation, Cpmax_c and Cpmin_c are constants determined in advance.  

Therefore, the electric expansion-valve opening degree upper/lower limit calculation unit 10 

3 outputs Cpmax_c as the electric expansion-valve opening degree upper limit, and 

outputs Cpmin_c as the electric expansion-valve opening degree lower limit.  The 

optimization problem is formulated as indicated in an equation 16, using the electric 

expansion-valve opening degree upper and lower limits. 

[0080] 15 

[Equation 16] 

 

[0081] 



24 
 

 The solution of the optimization problem is determined as the electric expansion-

valve opening degree, whereby it is possible to cause the discharge temperature to 

approach the target value, to avoid generation of refrigeration sound and reduction of 

the efficiency that would be caused by an excessively small degree of subcooling, and 

to bring the room temperatures close to the target temperatures as much as possible.  5 

It should be noted that when the solution is under the upper and lower limit constraints, 

that is, when the upper and lower limit constraints are inactive, it is ensured that the 

discharge temperature and the room temperatures are made to approach the respective 

target values while keeping the degree of subcooling within an allowable range.  In the 

solution, when the value of a certain element is a lower limit, the opening degree of an 10 

associated electric expansion valve approaches the minimum opening degree 

determined in advance, the discharge temperature approaches the target discharge 

temperature, the room temperature of the indoor heat exchanger 105 other than the 

indoor heat exchanger 105 associated with the lower limit approaches the target room 

temperature, and the room temperature of the indoor heat exchanger 105 associated 15 

with the lower limit exceeds the target room temperature, but the operation is performed 

to bring the room temperature close to the target temperature as much as possible. 

[0082] 

 As described above, the air-conditioning apparatus includes: room temperature 

sensors that detect room temperatures of respective rooms; target room-temperature 20 

setting units that set target room temperatures of the respective rooms; a variable 

displacement type compressor that causes refrigerant to sequentially circulate through 

an outdoor heat exchanger, electric expansion valves, and indoor heat exchangers; a 

required-capacity calculation unit that calculates each of required capacities for the 

respective rooms, using a value that is obtained by integrating a deviation of an 25 

associated one of the room temperatures from an associated one of the target room 

temperatures; an electric expansion-valve total opening degree output unit that outputs 

a total opening degree of the electric expansion valves, each of which is connected to 

an associated one of the indoor heat exchangers; a temporary electric expansion-valve 

opening degree calculation unit that calculates each of temporary opening degrees of 30 
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the electric expansion valves for the respective rooms, using an associated one of the 

required capacities and a total opening degree; an evaluation function derivation unit 

that obtains a distance function with an associated one of the temporary opening 

degrees of the electric expansion valves as an evaluation function, using an associated 

one of the opening degrees of the electric expansion valves as a variable; an equality 5 

constraint derivation unit that obtains equality constraints for equalizing the sum of the 

opening degrees that is a variable to the total opening degree; an electric expansion-

valve opening degree upper/lower limit calculation unit that calculates an upper limit and 

a lower limit of each of the opening degrees; an inequality constraint derivation unit that 

obtains inequality constraints in which each of the opening degrees falls within a range 10 

of the upper limit to the lower limit; and an optimization problem calculation unit that 

calculates each of the opening degrees by solving an optimization problem from the 

evaluation function, the equality constraints, and the inequality constraints.  

[0083] 

 Furthermore, the air-conditioning method includes: a room temperature detection 15 

step of detecting room temperatures of a plurality of rooms; a target room temperature 

setting step of setting target room temperatures of the plurality of rooms; a circulation 

step of causing refrigerant to sequentially circulate an outdoor heat exchanger, electric 

expansion valves, and indoor heat exchangers using a variable displacement type 

compressor; a required capacity calculation step of calculating each of required 20 

capacities for the plurality of rooms using a value that is obtained by integrating a 

deviation of an associated one of the room temperatures from an associated one of the 

target room temperatures; an electric expansion-valve total opening degree output step 

of outputting a total opening degree of the electric expansion valves, each of which is 

connected to an associated one of the indoor heat exchangers; a temporary electric 25 

expansion-valve opening degree calculation step of calculating each of temporary 

electric expansion-valve opening degrees for the plurality of rooms, using an associated 

one of the required capacities and the total opening degree; an evaluation function 

derivation step of obtaining a distance function with an associated one of the temporary 

opening degrees of the electric expansion valve as an evaluation function, using an 30 
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associated one of the opening degrees of the electric expansion valves as a variable; 

an equality constraint derivation step of obtaining equality constraints for equalizing the 

sum of the opening degrees as a variable to the total opening degree; an electric 

expansion-valve opening degree upper/lower limit calculation step of calculating an 

upper limit and a lower limit of each of the opening degrees; an inequality constraint 5 

derivation step of obtaining inequality constraints in which each of the opening degrees 

falls within a range of the upper limit to the lower limit; and an optimization problem 

calculation step of calculating each of the opening degrees by solving an optimization 

problem from the evaluation function, the equality constraints, and the inequality 

constraints. 10 

[0084] 

 Therefore, it is possible to cause the room temperature deviation to approach the 

minimum value, while achieving a high-efficiency operation within the allowable driving 

range of the electric expansion-valve opening degree. 

Reference Signs List 15 

[0085] 

 1  air-conditioning apparatus 2  electric expansion-valve total opening degree 

output unit  3  electric expansion-valve opening degree upper/lower limit calculation 

unit 4  required-capacity calculation unit    5  temporary electric expansion-valve 

opening degree calculation unit   6  electric expansion-valve opening degree 20 

calculation unit 10  controller 11  storage device 12  arithmetic device

 101  compressor    102  four-way valve   103  outdoor heat exchanger

 104, 104a, 104b  electric expansion valve 105, 105a, 105b  indoor heat 

exchanger  106, 106a, 106b  room temperature sensor    107, 107a, 107b  

target room-temperature setting unit   108  discharge temperature sensor   109, 25 

109a, 109b  degree-of-superheat sensor  110, 110a, 110b  degree-of-subcooling 

sensor 201  evaluation function derivation unit 202  equality constraint 

derivation unit 203  inequality constraint derivation unit 204  optimization 

problem calculation unit 

 30 



27 
 

CLAIMS 

[Claim 1] 

 An air-conditioning apparatus comprising: 

 room temperature sensors configured to detect room temperatures of respective 

rooms; 5 

 target room-temperature setting units configured to set target room temperature 

of the respective rooms; 

 a variable displacement type compressor configured to cause refrigerant to 

sequentially circulate through an outdoor heat exchanger, electric expansion valves, 

and indoor heat exchangers; 10 

 a required-capacity calculation unit configured to calculate each of required 

capacities for the respective rooms using a value that is obtained by integrating a 

deviation of an associated one of the room temperatures from an associated one of the 

target room temperatures; 

 an electric expansion-valve total opening degree output unit configured to output 15 

a total opening degree of the electric expansion valves, each of which is connected to 

an associated one of the indoor heat exchangers; 

 a temporary electric expansion-valve opening degree calculation unit configured 

to calculate each of temporary opening degrees of the electric expansion valves for the 

respective rooms, using an associated one of the required capacities and the total 20 

opening degree; 

 an evaluation function derivation unit configured to obtain a distance function with 

an associated one of the temporary opening degrees of the electric expansion valves, 

as an evaluation function, using an associated one of opening degrees of the electric 

expansion valves as a variable; 25 

 an equality constraint derivation unit configured to obtain equality constraints to 

equalize the sum of the opening degrees that is a variable to the total opening degree; 

 an electric expansion-valve opening degree upper/lower limit calculation unit 

configured to calculate an upper limit and a lower limit of each of the opening degrees; 

 an inequality constraint derivation unit configured to obtain inequality constraints 30 
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in which each of the opening degrees meets falls within a range of the upper limit to the 

lower limit; and 

 an optimization problem calculation unit configured to calculate each of the 

opening degrees by solving an optimization problem from the evaluation function, the 

equality constraints, and the inequality constraints. 5 

[Claim 2] 

 The air-conditioning apparatus of claim 1, wherein the evaluation function is a 

Euclidean distance function. 

[Claim 3] 

 The air-conditioning apparatus of claim 1 or 2, wherein 10 

 each of the indoor heat exchangers includes a degree-of-superheat sensor 

configured to detect a degree of superheat, and 

 in a cooling cycle, the electric expansion-valve opening degree upper/lower limit 

calculation unit determines the lower limit using an integrator based on a deviation 

between an upper limit of the degree of superheat and the degree of superheat. 15 

[Claim 4] 

 The air-conditioning apparatus of claim 3, wherein 

 each of the indoor heat exchangers includes a degree-of-subcooling sensor 

configured to detect a degree of subcooling, and 

 in a heating cycle, the electric expansion-valve opening degree upper/lower limit 20 

calculation unit determines the upper limit using an integrator based on a deviation 

between a lower limit of the degree of subcooling and the degree of subcooling. 

[Claim 5] 

 The air-conditioning apparatus of claim 1 or 2, wherein 

 each of the indoor heat exchangers includes a degree-of-superheat sensor 25 

configured to detect a degree of superheat, and a degree-of-subcooling sensor 

configured to detect a degree of subcooling, and 

 in a cooling cycle, the electric expansion-valve opening degree upper/lower limit 

calculation unit determines the lower limit using an integrator based on a deviation 

between an upper limit of the degree of superheat and the degree of superheat, and in 30 
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a heating cycle, the electric expansion-valve opening degree upper/lower limit 

calculation unit determines the upper limit using an integrator based on a deviation 

between a lower limit of the degree of subcooling and the degree of subcooling. 

[Claim 6] 

 The air-conditioning apparatus of any one of claims 1 to 5, wherein a frequency of 5 

the compressor is determined from the sum of the required capacities. 

[Claim 7] 

 The air-conditioning apparatus of any one of claims 1 to 6, wherein the required-

capacity calculation unit calculates a lower limit of the required capacity in a subsequent 

step from the total opening degree, the lower limit, and the required capacity in a current 10 

step. 

[Claim 8] 

 An air-conditioning method comprising: 

 a room temperature detection step of detecting room temperatures of a plurality 

of rooms; 15 

 a target room temperature setting step of setting target room temperatures of the 

plurality of rooms; 

 a circulation step of causing refrigerant to sequentially circulate an outdoor heat 

exchanger, electric expansion valves, and indoor heat exchangers, using a variable 

displacement type compressor; 20 

 a required capacity calculation step of calculating each of required capacities for 

the plurality of rooms, using a value that is obtained by integrating a deviation of an 

associated one of the room temperatures from an associated one of the target room 

temperatures; 

 an electric expansion-valve total opening degree output step of outputting a total 25 

opening degree of the electric expansion valves, each of which is connected to an 

associated one of the indoor heat exchangers; 

 a temporary electric expansion-valve opening degree calculation step of 

calculating a temporary electric expansion-valve opening degree of each of the plurality 

of rooms by using the corresponding required capacity and the total opening degree; 30 
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 an evaluation function derivation step of obtaining a distance function with the an 

associated one of the temporary opening degrees of the electric expansion valves as an 

evaluation function, using an associated one of the opening degrees of the electric 

expansion valves as a variable; 

 an equality constraint derivation step of obtaining equality constraints to equalize 5 

the sum of the opening degrees as a variable to the total opening degree; 

 an electric expansion-valve opening degree upper/lower limit calculation step of 

calculating an upper limit and a lower limit of each of the opening degrees; 

 an inequality constraint derivation step of deriving inequality constraints in which 

each of the opening degrees falls within a range of the upper limit to the lower limit; and 10 

 an optimization problem calculation step of calculating each of the opening 

degrees by solving an optimization problem from the evaluation function, the equality 

constraints, and the inequality constraints. 

 




