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Abstract: With the increase in application of solar PV systems, it is of great significance to develop and
investigate direct current (DC)-powered equipment in buildings with flexible operational strategies.
A promising piece of building equipment integrated in PV-powered buildings, DC inverter heat pump
systems often operate with strategies either focused on the power supply side or on the building
demand side. In this regard, the aim of this study was to investigate the operational strategy of a DC
inverter heat pump system for application in an office building with a PV power system. Firstly, the
PV power fluctuation and demand-side load characteristics were analyzed. Then, a series of heat
transfer and heat pump system models were developed. A reference building model was developed
for simulating the performance of the system. A control logic of the DC inverter heat pump was
proposed with a certain level of flexibility and capability considering both the characteristics of the
PV power generation and the demand-side heating load. MATLAB/Simulink 2021 software was used
for simulation. The simulation results show that the DC inverter heat pump is able to regulate its
own power according to the change signal of the bus voltage such that the DC distribution network
can achieve power balance and thus provide enough energy for a room. This study can provide
a reference for developing flexible operational strategies for DC inverter heat pump systems. The
proposed strategy can also help to improve the systems’ performance when they are applied in
buildings with distributed PV systems.

Keywords: operational strategy; DC inverter heat pump; PV power; demand side

1. Introduction

Global climate change and increasing demand for energy have led to a dramatic trans-
formation from conventional energy to renewable energy systems [1–3]. Over the last 20
years, solar photovoltaics (PVs) has witnessed rapid growth as the most widely applied
form of renewable energy source (RES) [4,5]. Since the building sector consumes nearly
40% of the total energy consumption and generates over 30% [6] of the carbon dioxide emis-
sions around the world, RESs integrated with buildings have gained prominence for their
capacity to mitigate building energy consumption and reduce carbon dioxide emissions.
Among various RES applications, building integrated photovoltaic (BIPV) systems have
become more prevalent in new building and retrofit projects as their energy conversion rate
has increased and the cost of the technology dramatically reduced [7–10]. BIPV refers to
photovoltaic modules and systems that can replace conventional building components [11],
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which is an efficient way of generating renewable energy on-site while meeting architec-
tural requirements [12–14]. However, there are still some problems with BIPV systems
from both the power supply side and demand side, which restricts their application.

The main problem associated with the power supply quality is the intermittence and
stochastic character of PV systems, which may result in significant fluctuations in the
generated power [15]. Except for long-period PV output variations due to seasonal impacts,
unpleasant weather and cloud transience induce short-term variability and considerable
PV output fluctuations in power supply systems. Previous researchers found that passing
clouds resulted in fluctuations in 45–90% of the rated PV capacity per minute in a PV plant
in Portugal [16]. The electrical energy provided by the power system responds instanta-
neously, transmits quickly, has no time lag or loss, and has little inertia [17]. Therefore, it
is crucial to balance power supply and consumer demand and to ensure reliable power
delivery to systems and equipment in buildings. Fluctuating PV power requires load-side
equipment in buildings to meet flexibility demands on multiple time scales. On the other
hand, solar photovoltaic systems generate direct-current (DC) distributed power supply,
which triggers a significant trend towards DC power equipment and DC loads in buildings,
such as LED lamps, IT equipment, and motor loads, prompting development in inverter
drives [18]. Although the role of the demand side is increasingly important in PV-powered
buildings, previous research mostly focused on the power grid side, such as DC microgrid
architecture [19], passive solar technology [20], multi-objective optimization of dynamic
voltage [21], numerical analysis [22], segmentation of photovoltaic panels [23], and com-
parative analysis of control strategies and current status of development [24,25]. Although
research has been conducted on control strategies of DC light flicker [26] to respond to
PV power output fluctuations, there is comparably little research on DC-powered heating,
ventilation and air-conditioning (HVAC) systems.

HVAC systems, one of the largest energy consumers in buildings, are considered
suitable equipment to respond to the fluctuations in PV output. From the perspective of
demand-side load, thermal energy generated by the heat supply system is transmitted
slowly and with high inertia, with some delay and heat loss [27]. As the amount of heat sup-
ply from HVAC systems changes, the room temperature can still remain stable and within
a comfortable level for a long period due to the thermal inertia of the building. Among the
various pieces of HVAC equipment, heat pumps have been regarded as efficient mechanical
devices that produce heating energy from renewable sources such as solar energy, ambient
air, geothermal energy or waste heat [28,29]. Wang et al. [30] developed a new solar–air-
source heat pump building energy supply system with energy storage that maintains
efficient operation during extreme weather in winter and summer. Roccatello et al. [31]
analyzed the primary energy consumption of a heat pump with various control strategies,
and found that the most efficient control strategies were maximizing the utilization of heat
pumps. Xia L et al. [32] presented a model-based adaptive control strategy for a ground
source heat pump with integrated solar photovoltaic collectors, which can improve the
energy efficiency of the integrated system. Wei et al. [33] developed a matching control
strategy to improve the system performance of a CO2 heat pump, and found that the
overall COP of the system could be increased by using a control method: simultaneous
optimal electronic expansion valve opening and regulation frequency. Lyu et al. [34] built a
model of an energy storage heating system using TRNSYS and investigated the influence
of the size of the air source heat pump on the energy-saving potential of the energy storage
heating system. From previous research, it can be seen that the operational strategy of the
heat pump system has a large impact on indoor comfort as well as on the building’s energy
consumption. There is a lack of research focused on the control strategies of heat pumps
considering the power supply-side characteristics, such as PV power fluctuations.

In recent years, DC inverter heat pumps have attracted increasing attention from
researchers. Operational strategies of the DC inverter heat pump system considering
PV power output fluctuations and demand-side characteristics have been addressed in
multiple studies, with inconclusive results. Wang et al. [35] proposed an injection-assisted
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air source heat pump (ASHP) to improve heating performance in cold areas under various
temperature conditions. They conducted an experimental study and proved that the
system performed well over a wide range of temperature conditions. Zhang et al. [36]
proposed a PV/T solar-assisted heat pump water heating system driven by a DC inverter
compressor and evaluated its characteristics and operational performance under different
operating conditions in Lanzhou. They found that the low speed of the compressor favors
the continuity of the refrigerant circulation and improves the performance of the system.
Despite the fact that DC inverter heat pumps have become a research focus, there are
few studies on their operational strategies in terms of the characteristics of PV power
characteristic and demand-side responses.

To address the above problems, this paper presents an operational strategy for a
DC inverter heat pump that considers both PV power fluctuations and demand-side
characteristics. The characteristics of PV power fluctuation and demand-side load for a case
study building were firstly analyzed. A theoretical model of the system was then developed,
including a heat pump model, an ice storage unit model, and a room model. The DC heat
pump system was simulated by using MATLAB/Simulink software under both cooling
and heating conditions. The operational strategy of the system takes into account the DC
bus voltage of PV output and room temperature variations. This study, to some extent,
can provide a reference for developing suitable operational strategies for DC inverter heat
pump systems. The contribution of this study advances the field of DC-powered HVAC
systems by providing a new control method to enhance the performance of heat pump
systems, with potential applications in both residential and commercial settings.

2. Analysis of Power and Load Characteristics

The power generation of a PV array is affected by many factors, such as solar radiation,
permanent shading, surface temperature of the panel, and the panel’s tilt angle. The
energy consumption of buildings varies depending on the weather conditions, building
type, indoor occupants, and operation of equipment. Therefore, the development of an
operational strategy for an HVAC system should take into account the characteristics of
PV output and energy consumption in buildings. In order to analyze the power and load
characteristics of a BIPV system, a typical PV-integrated building was selected as a case
study. The building has three floors with a total air-conditioned area of 7000 m2.

The system architecture is demonstrated in Figure 1. On the power side, a 461.54 kW
solar PV system is installed on the roof of the building with a tilt angle of 15◦ facing the
south. It can directly supply DC power and AC power to equipment and systems in the
building. The utility grid is integrated in the system as a supplement. On the load side,
the HVAC for the offices and workshops is provided by a set of fan coil units and a fresh
air system fed by magnetic bearing centrifugal chillers and air-to-water heat pumps. The
chillers and fan coil units consume electricity directly from the DC bus, while the water
pumps and fresh air systems use AC electricity that is converted from DC power. The
room temperature setpoint for the heating season is 18 ◦C. These systems and equipment
are scheduled to operate from 6:00 A.M. to 20:00 P.M. The goal of the system is to take
full advantage of the PV-generated DC power using the HVAC system while maintaining
stable and reliable operation.

Figure 2 presents the photovoltaic generation and load data obtained in July 2023for
each piece of building equipment. It can be seen that the energy consumption on week-
days is obviously higher than at the weekends, and the PV power generation is mainly
influenced by meteorological factors. The energy consumption of different systems and
equipment (HVAC, lighting, and other equipment) are comparably steady, while the PV
power generation profile fluctuates due to the unpleasant weather. The daily average
energy consumption for HVAC and lighting are 1102.85 kWh and 583.22 kWh, respectively,
during the investigated week. The daily average electricity generated by the PV system
is 2123.43 kWh, which is adequate for the demand side when the weather is fine (expect
for Tuesday). The mismatch values between PV generation and load-side electricity con-
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sumption are shown in Figure 3. On weekdays when the weather is fine, there is almost
no gap between the supply and demand. The mismatch between the PV generation and
user electricity consumption is on average 1.25%, and the shortage can be made up by the
utility grid. During weekends when the solar radiation is sufficient, the PV system can
generate more electricity than the demand, which can be stored by energy storage systems.
It should be noticed that on Tuesdays, the difference between supply and demand can be
as high as −188.90% due to the bad weather.
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Figure 4 shows the power supply profiles of the building on a weekday during the
cooling season. It can be seen that there is an obvious rise in electricity provided by the
grid at 6:00 A.M. Due to the weak solar radiation, the PV system cannot generate adequate
electricity, and thus the grid needs to make up for it and supply enough power for the
crowds flooding into the building during morning rush hours. The leading role of the
grid lasts about one hour until nearly 7:00 A.M., when the PV system can provide enough
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electricity. During 7:00 A.M. to 16:00 P.M., the electricity consumed by the building is
mostly provided by the PV system. The trend in the generated electricity profile is similar
to the variation in daily solar radiation, and the peak value occurs at 11:30 A.M. During this
PV-dominant period, there are some fluctuations in PV-generated electricity despite the
electricity supply to the building remaining steady. The PV- and grid-generated electricity
profiles are almost symmetrical, and together meet the building’s demand-side electricity
with a stable value of 180 kW. The PV power generation is higher than the grid supply
power by about 8.23%, which indicates that the PV power is the main electricity source of
the building. After 16:00 P.M., the grid power supply gradually takes the lead due to the
decrease in solar radiation. The systems and equipment in the building are turned off at
20:00 P.M. and consume little energy afterwards.
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Figure 5 shows the daily sub-metering PV electricity generation and building electricity
consumption profiles. In general, the PV power generation profile exhibits a quadratic
trend, but experiences significant fluctuations from 7:00 A.M. to 11:00 A.M. due to the
varied weather conditions. The maximum difference between the maximum and minimum
PV power values reaches 260 kW, which poses a significant challenge to the safety and
stability of the equipment in the building. In terms of electricity consumption, apart from
the HVAC system, the trends in electricity consumption of other equipment and systems



Buildings 2024, 14, 1139 6 of 19

remain relatively constant. The mismatch between the supply and demand sides is obvious,
including the four stages, as indicated below.
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During 6:00–6:30 A.M., most of the equipment in the building is turned on, and the
HVAC system starts to work at its maximum capacity. In the meanwhile, the building’s cool-
ing load increases significantly due to the influx of occupants. However, the photovoltaic
system cannot generate adequate electricity since the solar radiation is not strong enough
in the early morning. This mismatch between the extensive energy demand and low PV
power generation needs to be optimized. During 10:00 A.M.–14:00 P.M., the amount of PV
power generation peaks. The interference rate of PV power generation can reach 71.43%,
which may result in a PV power abandonment problem. Between 16:00 P.M. and 20:00 P.M.,
the solar radiation gradually reduces, resulting in a significant difference between the
electricity demand of the HVAC system and the actual PV power generation. Therefore,
the power grid needs to supply the electricity for the demand side, which may lead to
fluctuation problems. After 20:00 P.M., most of the equipment in the building is turned
off. Although there are minimal thermal comfort requirements, the building still requires a
certain amount of electricity to maintain its basic functionality for lighting, fire safety, and
elevator equipment.

The above analysis of PV power generation and demand-side energy consumption
provides references for setting up the input parameters.

3. System Design and Modeling

A reference building situated in Shanghai serves as the building model, and its stan-
dard floor layout is depicted in Figure 6. The building has three floors above the ground
and one floor underground for a total area of 2026 m2, accommodating functionality of
office spaces and conference rooms. In order to mitigate the mismatch problems between
supply and demand, the system demonstrated in Figure 7 was proposed. Rooftop PV
arrays and an energy storage water tank are utilized in the building. The PV system,
batteries, and chargers are connected to the DC bus. A DC inverter heat pump is used with
the compressor, which is able to adjust its frequency and power according to the power
supply voltage. The operation time for the HVAC system is 8:00 A.M.–18:00 P.M. The
building model was developed in SketchUp and its envelope structure was then imported
into EnergyPlus (8.9.0). Simulations were conducted to assess the heating load in winter.
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The input weather data adopted the typical meteorological year data of Shanghai. The
indoor and outdoor environmental parameters were set up as shown in Table 1.
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Table 1. Building envelopes and building information.

Building Component Value

External wall W/(m2·K)
Interior wall 0.617 W/(m2·K)

Roof 0.408 W/(m2·K)
Floor 5.24 W/(m2·K)

Window WWR 0.30 (South and north facades)
0.35 (East and west facades)

Occupancy gain 0.1 person/m2

Air circulation 30 m3/person
Lighting intensity 9 W/m2

Equipment load 15 W/m2

3.1. Heat Transfer Model of the Building

As shown in Figure 8, the internal heat transfer process in the building is an unsteady
process involving conduction, convection, and radiation. The ambient temperature and
indoor air temperature are expressed as the lumped temperature of a node. The following
assumptions were made before the heat transfer model was established.
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• The heat transfer is in a one-dimensional direction.
• The indoor air is incompressible and homogeneous, and the influence of the indoor

temperature on the air density is neglected.
• The air infiltration in the building is neglected.
• The external heat absorbed by the building can be absorbed uniformly by the building

envelope without a reflection effect.
• The thermal storage and release from furniture and walls are neglected.

According to the law of conservation of energy, the heat transfer model of an air-
conditioned room can be expressed as Equation (1) [37]:

dQ
dt = (Theater − Troom) · Mdot · c (1)
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where dQ
dt represents the heat flow from the heater into the room; c is the constant specific

heat capacity of air, J/(kg·k); Mdot is the hot air from heater, kg/h; Theater is the heater air
supply temperature, ◦C; and Troom is the real-time room temperature, ◦C:(

dQ
dt

)
losses

= Troom−Tout
Req

(2)

dTroom
dt = 1

Mair ·c ·
(

dQheater
dt − dQlosses

dt

)
(3)

where Mair is the room air quality, kg, and Req is the room equivalent thermal resistance,
K/W.

3.2. DC Heat Pump Modeling

The DC inverter heat pump consists of a compressor, condenser, expansion valve,
and evaporator. The heat transfer process of each component of the heat pump is one-
dimensional, steady state, and insulated. As demonstrated in Figure 9, the DC power
supply is directly connected to the DC inverter heat pump. The power of the compressor is
regulated by voltage fluctuations within a range of 300 V to 800 V.
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The key to modeling the compressor is to establish the relationship between refrigerant
flow rate and frequency of the compressor, which can be described by a fitting curve
provided by the manufacturer, derived as shown in Equations (4)–(6) [38]. As expressed in
Equations (7)–(10), the water-side heat exchange Qw of the condenser is equal to the heat
exchange Qrc of the refrigerant side. The expansion valve regulates and reduces the pressure
of the high-temperature refrigerant after it is condensed in the condenser. The mass flow
rate of refrigerant through the expansion valve can be expressed by Equation (11) [39]:

Wcom = mcom(hdis − hsuc) (4)

hdis =
hdis,is−hsuc

ηis
+ hsuc (5)

.
mcom = 13.59 fcom + 53.52 (6)

where mcom is the refrigerant flow, kg/s; Wcom is the compressor heating capacity, kW; hdis is
the specific enthalpy of the refrigerant at the compressor outlet; hsuc is the specific enthalpy
of the refrigerant at the suction port of the compressor, kJ/kg; hdis,is is the ideal specific
enthalpy of the refrigerant at the compressor discharge port under isentropic compression
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conditions, kJ/kg; ηis is the entropic efficiency of the compressor; and fcom is the compressor
frequency, Hz.

Qw = cwmw(tcw,in − tcw,out) (7)

where Qw represents the water-side heat exchange, kW; cw is the specific heat capacity of
water at constant pressure, J/(kg·◦C); mw is the water mass flow, kg/h; tcw,in is the cooling
water inlet temperature, ◦C; and tcw,out is the cooling water outlet temperature, ◦C.

Qrc = Kc Ac∆tc = mr(hcon,in − hcon,out) (8)

where Qrc represents the heat exchange heat on the refrigerant side, kW; Kc is the convection
heat transfer coefficient on the condenser side, W/(m2·◦C); Ac is the total heat exchange
area of the condenser, m2; hcon,in is the specific enthalpy of the refrigerant at the condenser
inlet, kJ/kg; hcon,out is the specific enthalpy of the refrigerant at the condenser outlet, kJ/kg;
and ∆tc is the heat exchange temperature on the condenser side, ◦C.

The heat exchange temperature on the condenser side is calculated by Equation (9):

∆tc = tc −
tcw,in+tcw,out

2 (9)

where tc is the condensation temperature, ◦C; tcw,in is the cooling water inlet temperature,
◦C; and tcw,out is the cooling water outlet temperature, ◦C.

The heat transfer balance on the condenser side is:

Qw = Qrc (10)

mex = AexCex
√

2ρex,in(Pex,in − Pex,out) (11)

where Cex is the flow coefficient of the expansion valve provided by the manufacturer;
ρex,in is the refrigerant density at the valve inlet, kg/m3; Pex,in and Pex,out are the expansion
valve inlet and outlet pressure, respectively, kJ; and Aex is the effective passage flow area of
the expansion valve, m2.

In this study, four DC inverter heat pumps were used for heating. The setup of these
is demonstrated in Table 2.

Table 2. Heat pump parameters.

Parameter Value

Evaporating temperature 10 ◦C
Condensing temperature 46.1 ◦C

Superheat 1.1 ◦C
Speed range 20–120 rps
Rated speed 90 rps

Refrigerant mass flow rate 1021 kg/h
Compressor power 10.3 kW

Compressor normal operating voltage 586–636 V
Rated heat capacity 196.0 kW (47.2 × 4)
Type of refrigerant R410A

3.3. Control Strategy for Heat Pump

The traditional control methods of heat pumps include sequential control of multiple
heat pumps, control of return water temperature, and control of water flow rate. In this
study, the control strategy of the DC inverter heat pumps depends on both DC bus voltage
and the indoor temperature setup, as shown in Figure 10. When the DC bus voltage exceeds
the setpoint, the compressor operates at a higher frequency and stores the excess energy
in the envelope. When the voltage falls below the setpoint, the compressor operates at
a lower frequency and discharges the insufficient energy from the envelope to meet the
user demand. The heating/cooling load of the building is calculated by using the indoor
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temperature, which determines the theoretical power value of the heat pump. When the
theoretical power value Pneed is lower than the actual power value Pactual, the heat pump
should be operated at the theoretical power value. If the theoretical power value Pneed is
higher than the actual power value Pactual, the power of the heat pump should be decreased
until the actual power value is lower than the theoretical power value.
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The sequence control method for the heat pumps is presented in Figure 11. The heating
load is calculated by using monitored return water temperature and the mass flow rate of
the water. The sequence of heat pumps is determined by the actual heating load and the
optimal load rate for each heat pump. When the actual heating load is lower than 0.15 times
of the rated heating load, the heat pump system should be turned off. If the heating load is
higher than 0.15 times of the rated heating load, one heat pump will be turned on. When a
single heat pump is not capable of providing adequate heat for the building, the second
heat pump should be turned on. The process will be continued until enough heat can be
provided to the building.

Based on the developed models, MATLAB/Simulink was utilized for simulation, and
the developed model is presented in Figure 12.
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3.4. Setup of Supply and Demand Sides

The supply-side input parameter is mainly DC bus voltage, and the demand-side
input parameters include ambient and indoor environmental conditions.

The DC bus voltage in the range of 80–107% of the rated voltage can be regarded as
the working bus voltage for the heat pump system. The heat pump can achieve an optimal
performance when the bus voltage is within 90–105% of the rated voltage. When the bus
voltage is within 80–90% or 105–107% of the rated voltage, the heat pump should operate
at reduced frequency. For safety, the heat pump should be shut down when the bus voltage
is lower than 80% or higher than 105% of the rated voltage [40]. Figure 13 shows the profile
of building supply power on a typical day. The DC bus voltage during the time period
of 13:00–14:00 was selected as the worst operating condition to set the DC bus voltage
corresponding to the normal operating voltage range (596–636 V) of the equipment. The
variation in input DC bus voltage is presented in Figure 14.
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The setup for an ambient environment utilized typical year weather data in EnergyPlus
software. Figure 15 demonstrates the hourly ambient temperature, solar radiation intensity,
and the simulated heating load of the reference building on a typical winter day. The
daily average ambient temperature was −3.99 ◦C, while the average solar radiation during
daytime was 471 W/m2. The heating load of the day peaked at 6:00 A.M., with a peak
value of 123.95 kW due to the low solar radiation and the large temperature difference
between indoor and ambient temperature.
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The setup values for the supply and demand sides of the simulation model are pre-
sented in Table 3. Three working conditions were simulated: transfinite mode, normal
mode, and energy-saving mode. When the DC bus voltage (Vm) is within the range of
596–606 V, the supply power is insufficient, and thus the indoor temperature can be oper-
ated at a lower value (18 ◦C) to save energy. When the DC bus voltage is within the range
of 606–626 V, the energy supply is normal, and thus the indoor temperature can be operated
at a medium level (21 ◦C). When the DC bus voltage is in the range of 626–636 V, the
power supply is abundant, and the indoor temperature can be operated at a higher value
(24 ◦C) and the excess heat can be stored in the building envelope. The range of indoor
temperatures (18–24 ◦C) is based on the comfortable thermal value in GB50736-2016. The
comfortable levels are identified as Class I (22 ◦C ≤ t < 24 ◦C) and Class II (18 ≤ t < 22 ◦C).

Table 3. Heat pump flexible adjustment characteristic parameters.

Condition Simulation Time (h) Room Control
Temperature (◦C) Comfort Level DC Bus Voltage

Range (V) Heat Pump Mode

1
10

18 II 596 < Vm < 606 Low
2 21 I 606 ≤ Vm ≤ 626 Normal
3 24 I 626 < Vm < 636 High

4. Results and Discussion

The daily variations in DC bus voltage, the corresponding power of the heat pumps,
and outdoor and indoor temperature are demonstrated in Figure 16. Three typical change
processes are analyzed: process A (normal to low), process B (low to normal), and process
C (normal to high), and the detailed change points are depicted in Table 4.
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Table 4. DC heat pump flexible adjustment characteristic parameters.

Typical
Changing Process

DC Bus Voltage
Change Point t1

Response Startup
Point t2

Response
Completion Point t3

DR1
∆ = t2 – t1 (min)

DR2
∆ = t3 – t2 (min)

A A1: 09:25 A.M. A2: 09:31 A.M. A3: 09:46 6 15
B B1: 10:36 A.M. B2: 10:42 A.M. B3: 10:56 6 14

C C1: 14:02 P.M. C2: 14:08 A.M. C3: 14:13 6 5

As shown in Figure 16, when the DC bus voltage drops from 616 V to about 595 V at
change point A1, the outdoor temperature increases gradually. The joint effect of reduced
DC bus voltage and outdoor temperature results in a lowered set temperature of 18 ◦C.
Thus, the power of the heat pump is reduced from 23.97 kW (at A2 9:31 A.M.) to 21.07 kW
(at A3 9:46 A.M.), taking 21 min in total.

At point B1, the DC bus voltage increases from 595 V to 616 V. During this period of
time, the outdoor temperature remains relatively constant. To fully utilize the building’s
heat storage effect and prevent sudden increases in electricity consumption, the indoor
temperature is raised from 18 ◦C to 21 ◦C. The power of the heat pumps is increased from
19.26 kW to 21.97 kW (the increase in DC bus voltage and the constant HL resulting in
HP compressors that can be operated in normal mode). It took 6 min for the heat pumps
to respond to the temperature change (at B1 10:36 A.M.) at the response startup point B2
(10:42 A.M.), and the response completion point was at 10:56 A.M. (B3).

At point C1, the DC bus voltage has increased to nearly the upper limit of the HPs’
operating range, which is 636 V. To absorb the excess photovoltaic resources, the indoor
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temperature has been set to from 21 ◦C to 24 ◦C. Therefore, the power of the HPs is increased
from 21.97 kW to 22.88 kW (the increase in DC bus voltage and the HL resulted in HP
compressors that can be operated at higher power). The initial response time was at 14:02
(C1), and the HPs’ actual change occurred at 14:08 (C2). The final actual response was at
14:13 (C3), which took 6 and 5 min, respectively.

To sum up, the average startup time for the heat pumps’ response to the DC bus
voltage for the three processes is 6 min. The average response time of the first two response
times is 14.5 min, and the deviation of the third response time of 5 min is 65.52%. This
is because during the third response time, the outdoor irradiance is relatively sufficient,
which shortens the time for the indoor temperature to reach the set value.

Figure 17a shows the simulation results of the HP standby time based on comfort cri-
teria. The HP employs a startup and standby control strategy, adjusting its operating status
based on ambient temperature changes to meet the user thermal comfort requirements. By
initiating the HP before 8:00 and utilizing the building’s heat storage characteristics, the
excess heat is stored within the building in advance. Once indoor temperature rises, the
HP is turned off, relying on the residual heat in the building to meet the users’ heating
needs, which greatly reduces the unit operating costs. Figure 17b shows the standby time
deviation results of Class I/II comfort criteria, indicating a downward trend with deviation
values ranging from 20% to 30%. Expanding the setting range of room temperature can
significantly affect the allowable standby time of HPs, which is highly sensitive to changes
in indoor heat load. The smaller the heat load demand, the longer the standby time can last.
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5. Conclusions

This paper investigates the operational strategy of DC inverter heat pumps in a
building integrated with a PV system. Both the PV system and utility grid were utilized
for power supply. A flexible control method for DC inverter heat pumps considering
varied DC bus voltage and room temperature proposed. Models of a reference building
with the DC inverter heat pump were developed and simulated in MATLAB/Simulink
software. The results show that the proposed strategy can achieve stable operation of a DC
inverter heat pump while maintaining thermal comfort in the indoor environment under
the fluctuating DC bus voltage. The specific conclusions are as follows.

(1) The heat pump can operate normally at 596–636 V. When the DC bus voltage is low
(596–616 V), the building’s electricity is supplied by the grid, and the HP can operate at
lower operating power. When the DC bus voltage is high (626–636 V), the PV system
is the main power source for the building, the HP should increase its operating power,



Buildings 2024, 14, 1139 17 of 19

and the excess heat can be stored in the building envelope to mitigate the fluctuations
in DC bus voltage. When the DC bus voltage fluctuates normally (606–626 V), the HP
regulates the indoor temperature normally.

(2) According to the data analysis of the case study, significant fluctuations in power
supply may occur in the PV integrated building, which may pose negative effects
on the operation of the building equipment and systems. Therefore, the heat pumps
employ a startup and standby control strategy. By expanding the setting range of
the room temperature, it can significantly affect the allowable standby time of heat
pumps. For instance, the duration of standby time of heat pumps can extend to about
20–30% by reducing the room temperature from Class I to Class II comfort criteria.

In future, other environmental factors, such as ambient temperature and seasonal solar
irradiance variations, can be further considered to evaluate the stability and adaptability of
the DC inverter heat pump in practical applications.
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Nomenclature

PVs Photovoltaics
RESs Renewable energy sources
BIPV Building integrated photovoltaic
DC Direct current
HVAC Heating ventilation and air-conditioning
ASHP Assisted air source heat pump
PV/T Solar photovoltaic/thermal
HL Heating load
HP Heat pump
Greek symbols
ρ Density, kg/m3

Φ Opening degree, %
η Efficiency, %
Subscripts
Com Compressor
Dis Discharge
w Water
Cw Cooling water
Cond Condenser
rc Refrigerant side
c Condensation
ex Expansion valve
m DC bus
ref Reference
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