Energy Engineering K Tech Science Press
— >
4

DOI: 10.32604/ee.2023.027094

ARTICLE atas”

Simulation Study of the Control Strategy of a DC Inverter Heat Pump Using a
DC Distribution Network

Siwei Han'"', Xianglong Li’, Wei Zhao', Linyu Wang', Anqi Liang’ and Shuang Zeng’

!State Grid (Suzhou) City and Energy Research Institute, Suzhou, China
?Electric Power Research Institute of State Grid Beijing Electric Power Company, Beijing, China
"Corresponding Author: Siwei Han. Email: siwei_sgceri@foxmail.com

Received: 13 October 2022 Accepted: 09 January 2023

ABSTRACT

Photovoltaics, energy storage, direct current and flexibility (PEDF) are important pillars of achievement on the path
to manufacturing nearly zero energy buildings (NZEBs). HVAC systems, which are an important part of public
buildings, play a key role in adapting to PDEF systems. This research studied the basic principles and operational
control strategies of a DC inverter heat pump using a DC distribution network with the aim of contributing to the
development and application of small DC distribution systems. Along with the characteristics of a DC distribution
network and different operating conditions, a DC inverter heat pump has the ability to adapt to changes in the DC
bus voltage and adds flexibility to the system. Theoretical models of the DC inverter heat pump integrated with
an ice storage unit were developed. The control strategies of the DC inverter heat pump system considered the
influence of both room temperature and varied bus voltage. A simulation study was conducted using MATLAB
& Simulink software with simulation results validated by experimental data. The results showed that: (1) The
bus fluctuation under the rated working voltage had little effect on the operation of the unit; (2) When the bus
voltage was fluctuating from 80%-90% or 105%—-107%, the heat pump could still operate normally by reducing the
frequency; (3) When the bus voltage was less than 80% or more than 107%, the unit needed to be shut down for
the sake of equipment safety, so that the energy storage device could adjust to the sharp decrease or rise of voltage.
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Nomenclature

RES Renewable energy sources

PVs Photovoltaics

STCs Solar thermal collectors

DHW Domestic hot water

HPs Heat pumps

BES Battery energy storage

TES Thermal energy storage

PEDF Photovoltaics, energy storage, direct current and flexibility
HVAC Heating ventilation air conditioning
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ASHP Air source heating pump
ITS Ice thermal storage

PI Proportional-integral

m Refrigerant mass flow, kg/s
f Frequency, Hz

w Power, kW

h Enthalpy, kJ/kg

0 Cooling Capacity, kW

n Speed, rps

¢ Specific heat capacity

K Heat transfer coefficient, W/(m?-K)
A Area, m?

t Temperature, °C

C Discharge coefficient

P Pressure, Pa

G Air supply volume, kg/s
D Outer diameter of impeller, m
L The impeller length, m
D Number of motor poles
V Voltage, V

Greek symbols

v Suction volume

® Opening degree, %

n Efficiency, %

A Area utilization of the fan, %
T Time

Subscripts

Com Compressor

Dis Discharge

Suc Suck

w Water

cw Cooling water

Cond Condenser

re Refrigerant side

¢ Condensation

ex Expansion valve

Is Ice

Out Outdoor

In Indoor

Hu Human

S Air supply

m DC bus

ref Reference
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1 Introduction

When it comes to the demand for heating and cooling, residential buildings have the potential
to become energy efficient, and accordingly reduce emissions. Existing and new buildings should be
characterized by nearly zero or very low energy supplied by the grid, and thus their thermal and
electrical energy needs should be controlled by energy systems of high efficiency [1,2]. The main goal
of an energy system is to combine renewable energy sources (RES) and other assets, e.g., storage
and generation units of thermal or electrical energy, whose synergies are appropriately coupled, to
increase the overall system efficiency [3]. Among the various RES technologies, growing trends include
solar Photovoltaics (PVs) for electricity and solar thermal collectors (STCs) for DHW (domestic hot
water) [4]. PVs coupled with electrical drive systems, such as heat pumps (HPs) are also used for
DHW generation, space heating and cooling. The intermittent nature of solar energy that reaches PVs
combined with variable building energy demands makes flexible sources of storage such as battery
energy storage (BES) and thermal energy storage (TES) a necessity in managing building energy
demands. Flexibility improves the overall efficiency of the system and increases the electricity bill
savings [5,6]. Although mostly single-speed HPs are installed in residencies, variable speed units can
provide additional flexibility in power consumption by modulating the compressor speed [7,8].

Energy assets should be optimally co-scheduled to achieve the expected performance in terms of
energy balance, thermal comfort, grid friendliness and life-cycle costs [9,10]. In response to the rapid
growth of carbon emissions worldwide [1 1], China issued the ‘Peak Carbon Dioxide Emissions Action
Plan before 2030’ in October 2021. Buildings with photovoltaics, energy storage, direct current and
flexibility (PEDF) have begun to enter the public view. As a new energy system, buildings with PEDF
are key to achieve the 2060 carbon neutralization goal in the construction and operation stages. The
results of research on new energy systems with PEDF will provide important technical information in
the consultation, design, operation and maintenance of low-carbon buildings in the future, and help
the construction industry form technical reserves in the carbon neutralization field.

However, the lack of suitable DC equipment has created a bottleneck in the practical application
of PEDF for construction and engineering firms. The development of a supply-side and demand-
side in PEDF systems will provide favourable conditions for the development of a low-pressure DC
distribution system. In a traditional AC distribution network, it is necessary to convert AC power into
DC power for electromechanical equipment to run efficiently. A DC distribution system, however,
eliminates the need for an AC-DC conversion link. The system is simpler and already allows electrical
equipment to run efficiently. Fluctuations in wind power and photovoltaics enables the load side to
change its power generation while accessing a large-scale power grid which has the means to regulate
and cope with fluctuations. The large grid issues power instructions to the AC/DC device in the DC
distribution network according to real-time power supply and demand. The DC device in the DC
distribution network regulates its use of power use based on the change in bus voltage, which enables
the DC distribution network to meet the power needs and instructions issued by the grid, thus helping
the grid maintain the supply and demand balance and improving the dissipation capacity of renewable
energy [12].

In building a PEDF system, a heating ventilation air conditioning (HVAC) system is regarded
as ideal for the following two reasons: First, HVAC systems are electrically powerful. For example,
the ratio of power in an HVAC system to total power in a utility building can be greater than 30%.
Second, the thermal properties of HVAC systems make them naturally electrically flexible. Due to the
thermal inertia of a building enclosure, the air conditioning system, even if it runs briefly to reduce
the load, does not significantly affect the sensation of a user’ body. In addition, in combination with
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inexpensive heating and cooling storage devices, an air conditioning system can achieve even greater
electrical flexibility.

A heat pump is an efficient mechanical device that produces low-polluting heating energy using
renewable energy sources such as solar energy, ambient air energy, geothermal energy or waste heat
[13-15]. In order for an HVAC system to function in a building with PEDFs, it is essential to
develop a matching DC inverter heat pump. Because of this, DC inverter heat pumps have attracted
increasing attention from researchers in recent years. Liu et al. [16] introduced the DC inverter to a
heat pump water heater system, and mathematical equations for the exchanger and evaporator were
proposed to describe the compressor. Optimal parameters were verified using experimental methods
for measuring heat transfer performance. The refrigerant charge quantity was optimized by the model
and experimental data. Taking into account the influence of the energy efficiency ratio and output
heating and output water on the system performance, the optimal length of the capillary tube was
0.65 mm for the DC inverter heat pump water heater system. Wang et al. [1 7] proposed an injection-
assisted air source heat pump (ASHP) using a novel two-stage variable-speed scroll compressor with a
variable volume ratio and direct current (DC) speed regulation motor, named IDCAHP, for improving
heating performance in cold and/or severely cold regions over wide-range temperature conditions.
Experiments focusing on the heating performance of the IDCAHP under different temperatures and
frequency were conducted. Results indicated that the IDCAHP performed well over a wide-range
temperature condition. Lyu et al. [18] established a model of an energy storage heating system on the
TRNSYS platform and validated it with data that was monitored long-term. The influence of the
size of the water storage tank and the size of the air source heat pump on the energy saving potential
of the energy storage heating system was investigated. Zanetti et al. [19] proposed an approach that
combined existing gas boilers with phase change material storages (PCM) and a direct current air
source heat pump (DC-EHP) assisted by a photovoltaic system (PV) connected to the grid. A state-of-
the-art rule-based controller was developed that combined TRNSYS with a MATLAB script and was
tested against an interior point optimal control algorithm. Roccatello et al. [20] studied primary energy
(PE) consumption obtained by comparing dynamic simulations and discovered that the most efficient
control strategies were those that maximized heat pump utilization. Ma et al. [21] studied the effects of
commonly used PV/T system control strategies on the performance of liquid-based PV/T assisted heat
pumps. Models of liquid-based PV/T assisted heat pumps with three different PV/T system control
strategies were developed using a combination of the platforms of EES and TRNSYS.

Previous literature indicates that the applications of the variable speed heat pump have been
increasing at an accelerating pace in recent years. Neither readily used products nor enough research
information exists on heat pumps that can achieve satisfactory indoor thermal comfort while miti-
gating the fluctuation issue of DC distribution network. The strategies to control variable speed heat
pumps integrated with renewable energy such as PV are crucial for the stability and effectiveness of the
integrated system remain unstudied. In order to make up for the lack of previous research in this field,
this study proposed a variable speed heat pump integrated with an ice storage unit which can directly
use a DC distribution network. Theoretical models of a system that included a heat pump model, an ice
storage unit model and a room model were developed. The control strategies of the integrated system
considered both room temperature and varied DC bus voltage. A simulation study was conducted
using MATLAB & Simulink software. The results were validated with experimental data from real
heat pumps. The influence of the voltage on the stability of the system was compared and analysed
under cooling and heating working conditions. The results show that despite the fluctuation of the bus
voltage, the DC heat pump unit can provide sufficient energy for the room.
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2 Control Strategy of the DC Inverter Heat Pump System

The schematic diagram of the DC inverter heat pump system model investigated in this paper is
shown in Fig. 1, which includes the DC heat pump using a frequency conversion compressor, plate
heat exchanger and frequency conversion fan. In order to manage the fluctuation of DC bus voltage
and efficiently use the whole system, an ice storage module was added to manage the indoor load when
the DC heat pump set failed to run normally.
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Figure 1: Schematic diagram of the DC inverter heat pump system

2.1 Control Strategy of the Compressor

Compressor operation is determined by both indoor load and DC bus voltage. Fig. 2 shows a
schematic diagram of the control logic of the compressor, Fig. 3 shows the speed adjustment of the
compressor at the mode conversion and Table | shows the parameters of the compressor. During
the normal operation stage, the compressor frequency was adjusted according to the indoor load
to achieve the condition in which the cold generated by the compressor was level with the load.
When the DC bus voltage fluctuated significantly in a short time, because the compressor stopped
and restarted in a short time, the suction and exhaust pressure failed to immediately balance. The
compressor withstood a large pressure difference to start. Improper control led to an overload or step
loss, and the compressor could not be started. The frequency at start up was boosted by 2 Hz/s, and a
wait period of at least 3 min allowed the compressor to heat up sufficiently while preventing lubricant
in the compressor from flowing into the refrigeration system. During normal operation, frequency
conversion was enabled according to the load change in the room. It was important to note the lower
limit of frequency conversion. The fluctuation of speed in low frequency, which may increase vibration
and stress in the piping, can shorten the compressor’s lifetime [22]. When the compressor received the
shutdown command, it was necessary to first reduce the frequency at a rate of 2 Hz/s. When the voltage
of the DC bus exceeded the safe working range, in order to avoid damage to the equipment and ensure
safety in subsequent use, it was necessary to perform a rapid shutdown of the compressor.
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Figure 2: Control logic diagram of the compressor
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Figure 3: Speed adjustment of the compressor during mode conversion

Table 1: Compressor parameters

Parameter Value
Evaporating temperature (°C) 10.0
Condensing temperature (°C) 46.1
Superheat (°C) 1.1
Suction port size & (mm) 28
Discharge port size & (mm) 22
Speed range (rps) 20-120
Rated speed (rps) 90
Refrigerant mass flow rate (kg/h) 1021

Compressor power (kW) 10.3
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2.2 Control Strategy of the Fan

The fan and compressor operating frequency is linked: when the indoor load is large, the
compressor should increase the frequency to match the increased cooling capacity, while increasing
the frequency of the fan; when the strong mode is turned on, the indoor air supply speed increases,
and the frequency of fan and compressor also increases together. The specific control strategy is shown
in Fig. 4. When the compressor frequency was low in normal working mode, the fan also maintained
the minimum working frequency; when the user wanted to increase the air supply speed or cooling
capacity, the compressor and fan frequency increased together until reaching the maximum working
frequency.
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Figure 4: Control strategy of the fan

2.3 Control Strategy of the Ice Thermal Storage Module

The ice thermal storage system is used to transfer peak load and reduce cost in buildings, and its
control strategy can greatly affect the economy of the system. Hajiah et al. [23,24] reported that the ice
thermal storage (ITS) system can resolve both the peak-valley difference increasing and the mismatch
problems due to the fact that the time of generation of cooling energy is separated from the time of its
use. The ice thermal storage and control strategy is shown in Fig. 5. The ice storage period was 23:00
to 6:00. When the DC inverter heat pump set operated during the day, the ice storage system at night
supplemented the load generated in the room during the period when the heat pump did not operate
due to the DC bus voltage fluctuation, ensuring stability of the indoor temperature.

2.4 Control Strategy of the DC Inverter Heat Pump

Liao et al. [25] summarized that traditional control strategies for heat pump system include: total
cooling load-based sequencing control, return water temperature-based sequencing control, bypass
flow-based sequencing control, and direct power-based sequencing control. The DC inverter heat
pump control strategy in this paper was a load-based sequencing control, and the control flowchart
is shown in Fig. 6. The input parameters include room temperature, bus voltage and air supply
temperature. The corresponding compressor operation mode was selected after judging the bus voltage
range. When the bus voltage was within 90%-105% of the rated voltage range, the equipment was able
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to operate normally according to its technical indicators and functions. When the DC bus voltage
exceeded 90%—105% rated voltage range and was still within 80%—107% of the rated voltage range, the
equipment could operate at reduced frequency. In other cases, the DC inverter heat pump set will stop
the machine and the system will use the ice storage to supply cooling to the indoors. The heat pump
set parameters used are shown in Table 2
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Figure 5: Control strategy of the ice storage system
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Figure 6: Flowchart of the control strategy for the DC inverter heat pump
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Table 2: Heat pump parameters

Parameter Value
Rated cooling/heat capacity 48.9 kW
Type of refrigerant R410A
Rated power 10.3 kW

3 Theoretical Model

In this study, MATLAB & Simulink software were used to establish the DC inverter heat pump
system model, which included the following four parts: the DC inverter heat pump model, the ice
storage system model, the room model, and the control logic model. The DC heat pump was composed
of a compressor, condenser, expansion valve and evaporator. The ice thermal storage included an ice
storage tank and an ice making and melting plate heat exchanger. The input parameters included
compressor frequency, inspiratory temperature and inspiratory exhaust pressure. The final output cold
volume was input into the room model module for calculation. By incorporating the four models in
MATLAB & Simulink software with intermediate variables such as cooling capacity of heat pump,
the relationships among real room temperature, frequency of compressor, and DC bus voltage can be
analysed.

3.1 Heat Pump

A dynamic model of a heat pump, which consisted of a compressor, a condenser, an electronic
expansion valve and an evaporator, was built. The model assumed that the heat transfer process of
each part of the heat pump was one-dimensional, stable and insulated. The four parts are as follows:

1) Compressor
As the heart of the heat pump, the compressor provides power for the whole system. The

relationship between refrigerant flow and the frequency of the compressor is obtained by fitting the
relationship between refrigerant flow and compressor speed given by the manufacturer.

My, = 13.59f,,,, + 53.52 (1)
where £, is the compressor frequency.

The input work of compressor can be calculated by [26]
Weam = Meon (i — D) 2
where A, is the specific enthalpy of the refrigerant at the compressor suction inlet; /4, is the specific
enthalpy of the refrigerant at the compressor discharge outlet, which can be obtained by
Bue =By, &)

where A, is the ideal specific enthalpy of the refrigerant at the compressor discharge outlet under the
isentropic compression condition; n; is the isentropic efficiency of the compressor.

hdis =
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The refrigerating capacity of the DC variable frequency compressor used in the heat pump unit has
a linear relationship with the speed; Eq. (4) shows that the power consumption also increases linearly.
The refrigerating capacity of the compressor can be calculated by

QO == 3'6[(h(‘0m,suc - hcom,dis)/v] Ql (4)

where A, is the specific enthalpy of the refrigerant at the compressor suction inlet; /4, is the specific
enthalpy of the refrigerant at the compressor discharge outlet; v is the specific volume of gas at suction
port of compressor; and Q, is the refrigerating capacity of compressor, which can be calculated by

Ql = 60ncomvmm (5)

where 7,,,, is the speed of the compressor; and v,,, is the suction volume of the compressor.

2) Condenser

The condenser is located at the high-temperature and high-pressure end of the heat pump system.
In the condenser, the high-temperature and high-pressure refrigerant gas exchanges with the cooling
water to release heat, and the gas refrigerant is condensed into liquid.

The heat exchange on the water side of the condenser can be written as
Qw - cwmw([(‘w.in - [rw,aut) (6)

where ¢, is the specific heat capacity of water at constant pressure; m,, is the mass flow of water, z,,,,, is
the inlet temperature of cooling water; and z,,,, is the outlet temperature of cooling water.

The heat exchange on the refrigerant side of the condenser can be calculated by
er - KCACAZC - mr(hcon,in - h(‘on,aut) (7)

where K, is the convective heat transfer coefficient at the condenser side; A4, is the total heat exchange
area of the condenser; 4., is the specific enthalpy of refrigerant at condenser inlet; /., 1s the specific
enthalpy of the refrigerant at the condenser outlet; and At is the heat exchange temperature on the
condenser side, which can be obtained by

Lowin Tt Lowour

At, = g, — i T Loon 8
=1, 3 ®)

where ¢, is the condensation temperature; z.,.,, is the inlet temperature of the cooling water; and ¢,,,,, is
the outlet temperature of the cooling water.

The heat transfer balance on the condenser side can be written as
QW = QV(' (9)

where Q, is the heat exchange on the water side of the condenser; and Q,, is the heat exchange on the
refrigerant side of the condenser.

3) Expansion valve

The expansion process is considered to be isenthalpic, and thus the refrigerant mass flow rate
across the expansion valve can be written as [27]

mex - AexCex\/zpex,in(Pex,in - Pex,out) (10)
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where C,, is the discharge coefficient of the expansion valve provided by the manufacturer; p.,;, is the
refrigerant density at the valve inlet, P,,,, and P,,,, are the inlet and outlet pressures of the expansion
valve, respectively; and A,, is the effective passage flow area of the expansion valve, which is [28§]

AL’,\’ = ¢£’,\’A(L\',n"1 (1 1)

where ¢., is the opening degree of the expansion valve and ranges from 0% to 100%; and A,, is the
nominal orifice cross sectional area of the expansion valve.

4) Evaporator

Modelling method involving the evaporator are similar to that of the condenser and therefore will
not be described in detail in this paper.

3.2 Ice Thermal Storage (ITS) Model

The focus of the ice storage system was to address the insufficient cold supply of the heat pump
unit caused by the voltage fluctuation of the DC bus with only two modes: the energy storage mode
and the energy release mode. The model of the ice storage tank is

Eis.t = Lis—1 — Ml’s,r - At + Nis * Pis,t - At (12)

where E,, and M, represent the ice storage capacity and melting volume of the ice storage system,
respectively; n,, indicates the ice making efficiency of the ice storage system; and P, is the output of
ice maker at time.

3.3 Room Model

According to the Law of Conservation of Energy, the total heat gain of indoor environment
resulted from heat gain through building envelope, indoor occupants, and air-conditioning system
can be calculated by Eq. (13).

tour - tlﬂ d[in
- + Qhu - CaGs(tm - ts) - Mis,l = mFCa_ (13)
r dt

where z,,, is the outdoor temperature; ¢, is the indoor temperature; C, is the specific heat ratio of air;
mg is the air quality in the room; and Q,, is heat brought by people. G, is the air supply rate which can
be calculated as
6077, (1 —
GS=ZD2-L-AM-;1
2 P

where G, is the air supply volume of the fan; D is the outer diameter of the impeller; L is the impeller
length; A is the area utilization of the fan; f, is the fan frequency; s is the speed difference; P means
the number of motor poles and n expresses the speed of fan.

(14)

3.4 Control System

The control block diagram of the DC inverter heat pump with DC bus voltage as input is shown
in Fig. 7. The control system adopted a dual-loop proportional-integral (PI) control structure, in
which the outer loop controller was responsible for generating power reference values while the inner
loop controller was responsible for generating inverter frequency commands. 7T, represents the set
temperature of the room, V', represents the nominal value of the DC bus voltage, V,, is the difference
between the measured value of the DC bus voltage, and V,, and V', was input into the outer loop PI
controller to generate the reference power value P, ,. The difference between the P, and the measured
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power P of the unit was input into the inner loop controller, and the frequency command was generated
and input into the inverter, which outputs AC waves to change the power of the compressor.

T )4 P P
e, pr PI Joer, Inverter S, Compressor Room r,
Vref

Vv,

" [ Qdis

Figure 7: Control logic of the DC inverter heat pump

As shown in Fig. 8, the DC inverter heat pump simulation model can be established by modelling
the four parts described above.
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Figure 8: Simulation model in MATLAB & Simulink
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4 Simulation and Analysis
4.1 Validation of Simulation Model

In order to validate the simulation model of the DC inverter heat pump, experiments of a real
heat pump system were carried out. The cooling capacity of the heat pump was set up as rated value
and remained stable, while the DC bus voltage was varied at different stages as shown in Fig. 9. The
simulation results and experimental data of effective current, outlet temperature of cooling water
and chilling water were compared in Figs. 10 and 11. The average values of differences between the
simulation results and the experimental data of effective current, outlet temperature of cooling water
and chilling water were 4.4%, 0.2% and 0.02%, respectively, which indicated the models were justifiable.
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Figure 9: DC bus voltage setting
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Figure 10: Variation of effective current of the heat pump
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Figure 11: Outlet temperature of cooling water (left) and chilling water (right)

4.2 Analysis of Simulation Results

Table 3 shows the simulation model operating conditions settings, including system refrigera-
tion/heating conditions, simulation time, room control temperature input values, bus voltage range
and corresponding compressor operating mode. According to the output of the simulation model of
the DC inverter heat pump, the rationale of the control strategy could be explained by analysing the
changes in compressor frequency and room temperature corresponding to the change in bus voltage.
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Table 3: Working condition settings of the simulation model

Condition  Mode Simulation Room control Bus voltage Compressor
time (h) temperature (°C)  range mode

1 Refrigeration 24 26.0 90%—-105% Normal

2 Refrigeration 24 26.0 80%—-90% or Transfinite
105%—-107%

3 Refrigeration 24 26.0 <80% or Ice storage
>107%

4 Refrigeration 24 26.0 80%-90% Energy

saving
5 Heating 24 17.6 90%—-105% Normal
6 Heating 24 17.6 80%-90% or Transfinite

105%—-107%

Figs. 12 and 13 show the results of the simulation using condition 1 (refrigeration mode) and
condition 2 (refrigeration mode). The settings are presented in Table 3. When the bus voltage was
between 80% and 107%, the units functioned normally, in most cases allowing a small range of over
the limit operation. However, if the bus voltage fluctuations were too severe, the ice storage module
began cooling. As shown in Fig. 12a, the compressor using this control strategy worked normally and
the frequency was generally constant when the bus voltage was in the range of 90%-105%. Fig. 13b
shows that when the bus voltage was within the range of 80%-90% or 105%-107%, the compressor
passively reduced the frequency due to the fluctuation of the bus voltage, the refrigeration capacity
decreased, and the maximum frequency of the compressor decreased by 2.7%.

Fig. 14 shows the results of the simulation using condition 3 (refrigeration mode) using the settings
in Table 3, when the bus voltage was less than 80% and more than 107%, and was no longer suitable for
long term operation of the heat pump. The results show that the compressor stopped working because
the bus voltage was much lower or higher than normal, and the required cooling capacity was provided
through the energy storage system.

Fig. 15 shows the results of the simulation using the energy saving mode and operating condition
4 (refrigeration mode), using the settings shown in Table 3. In the energy saving mode, the bus voltage
was 80%-90%, which was slightly lower than that of the normal working range of the system. With
condition 4 (similar to with condition 2), the instantaneous cooling output of the compressor was
reduced by 2.7%, the room temperature was stable, and the ice storage module of the system played
its role in transferring the cooling power to the room.

Figs. 16 and 17 show the results of the simulation using condition 5 (heating mode) and condition
6. The settings are shown in Table 3. When the bus voltage was between 80% and 107%, the system
took 30 min to reach the set temperature, after which the unit was able to ensure the stability of the
indoor temperature. The maximum compressor frequency decreased by 3.3%. Fig. 17b shows results
were the same using conditions 2 and 4.

The fluctuations in frequency and indoor temperature were within a reasonable range. This control
strategy completed the indoor load control task under conditions with fluctuating bus voltage, offering
stable and energy saving operations when the bus voltage supply was insufficient.
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Figure 12: Mode 1 simulation results: (a) Diagram of the bus voltage variation; (b) Diagram of the
compressor frequency variation; (¢) Diagram of the room temperature change
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Figure 13: Mode 2 simulation results: (a) Diagram of the bus voltage variation; (b) Diagram of the
compressor frequency variation; (¢) Diagram of the room temperature change
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Figure 14: Mode 3 simulation results: (a) Diagram of the bus voltage variation; (b) Diagram of the
compressor frequency variation; (¢) Diagram of the room temperature change
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Figure 15: Mode 4 simulation results: (a) Diagram of the bus voltage variation; (b) Diagram of the

compressor frequency variation; (¢) Diagram of the room temperature change
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Figure 16: Mode 5 simulation results: (a) Diagram of the bus voltage variation; (b) Diagram of the
compressor frequency variation; (¢) Diagram of the room temperature change
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Figure 17: Mode 6 simulation results: (a) Diagram of the bus voltage variation; (b) Diagram of the
compressor frequency variation; (¢) Diagram of the room temperature change
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5 Conclusion

In this paper, a strategy for controlling a DC inverter heat pump system based on a DC network
was proposed, including control logic of the compressor, fan, and heat storage system. A simulation
model using MATLAB & Simulink was applied to test the rationality of the control logic. The results
show that the control strategy proposed in this paper allowed a DC inverter heat pump to operate in a
stable manner even with fluctuating input voltage. In both refrigeration and heating conditions, when
the bus voltage was in the range of 90%-105%, and the settings were in normal operation mode, the
system created a stable and appropriate temperature for the room, the compressor worked normally,
and the frequency of the compressor was generally constant; when the bus voltage was in the range of
80%-90% or 105%—-107%, the setting was in the small range overrun mode, and the system could still
achieve the effect of normal operation. When the compressor occasionally and passively reduced the
frequency due to the fluctuation of the bus voltage, the refrigeration capacity decreased to a certain
extent, and the overall amplitude of the compressor frequency was reduced. When the bus voltage
was less than 80% or greater than 107%, the heat pump stopped working, the compressor working
frequency returned to zero, and the ice storage module started working in summer conditions. The
operation of the system depends on the capacity of the ice storage module. When the bus voltage was in
the range of 80%-90%, the compressor actively reduced the frequency and reduced the instantaneous
cooling output, and the unit was in the energy saving operation mode. The results of the simulation
showed that the system was able to operate in a stable, energy saving manner.

Building a whole DC supply and distributed energy storage system can fundamentally solve the
problem of spikes in an urban power load. This type of system can improve the efficiency of standard
power grids and reduce the difficulty inherent in renewable power grids. The DC inverter heat pump
system proposed in this study can be extended to become an AC-DC dual-purpose heat pump in the
future, which has been more widely used in AC-DC hybrid distribution systems. Nevertheless, the
experiments only conducted under rated cooling capacity of the compressor, and the impact of DC
bus voltage on the heat pump system was only analysed under recommended values of the specific
heat pump unit. Moreover, economic issues such as the electricity bill savings were not considered in
this study. In the future, experiments can be expanded to determine the specific operating limits of DC
equipment at different powers, and economic aspect of the proposed heat pump system can be also
evaluated.
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