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ABSTRACT 

The working conditions of the refrigeration unit for marine refrigerated containers or reefers change 
drastically during sea transportation. In order to achieve the precise control of carriage temperature for 
marine refrigerated container, the refrigeration unit should have the strong capability to well adjust its 
cooling capacity. However, the inner temperature of marine refrigerated container usually fluctuates 
obviously under chilled mode when traditional on/off control is adopted due to the low heat load. A novel 
capacity control strategy using variable-frequency compressor combined with hot-gas by-pass technology 
was developed to realize energy-saving operation and achieve high control accuracy of carriage temperature. 
The developed capacity control strategy was validated on a test rig for marine refrigerated container. The 
experimental results of performance tests showed that it can kept the carriage temperature stable and its 
accuracy is ±0.2 ℃。 

1. INTRODUCTION 

In recent decades, as an important tool of international cold-chain logistics, the number of marine 
refrigerated containers increases greatly (Lu 2012, Wang 2005). In order to meet the requirements of 
complex and varying transportation conditions, as well as the stringent requirements of cargoes, the market 
put forward much high requirements to the temperature control of marine refrigerated container. The load in 
the container box usually changes drastically due to the influence of complex climate environment during 
transportation. In addition, refrigeration unit itself is a nonlinear, multivariable, strong-coupling and time-
varying system, which results in enormous difficulty in getting accurate temperature control. Nowadays, 
most refrigerated containers on the market can obtain good temperature control precision and energy saving 
under high-load operation conditions(Carrier 2014, Thermoking 2014), but when the load in the container 
box is low, and the traditional on/off control is adopted, the temperature in the container box usually 
fluctuates obviously (Hua 2014, Lu 2004). Therefore, in this paper, a novel capacity control strategy for 
marine refrigerated container was developed, which can realize energy saving and good temperature control 
under high-load conditions, as well as high control accuracy of carriage temperature under low-load 
conditions. 

2. CAPACITY CONTROL STRATEGY UNDER CHILLED MODE 

The refrigeration unit can operate on chilled mode or frozen mode respectively corresponding to its set point. 
In this paper, - 5 ℃ is used as the cut-off point of chilled/frozen mode. When the refrigeration unit operates 
on chilled mode, the supply air temperature is regarded as the controlled parameter. The capacity control 
strategy under chilled mode includes two methods: variable-frequency regulation and hot-gas by-pass control. 
In this paper, the method of variable-frequency regulation is the same as that of the conventional control 
strategy used on refrigerated container. However, when the load in the container box is too low, and the 
frequency of compressor has reached its lowest frequency (25Hz) which can guarantee the normal operation 
of compressor, whilst the supply air temperature continues to reduce to 1.5 degree Celsius below the set 
point, the refrigeration unit will change automatically to hot-gas by-pass control mode. The hot gas of 
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compressor is by-passed to the suction pipe through hot-gas valve. The opening of hot-gas valve is the 
control output of PID controller embedded in PLC. 
 

3. TEST RIG 

In order to validate the capacity control strategy developed in this paper, a test rig of refrigeration unit 
charged with R134a refrigerant was established.  The schematic diagram of the test rig was as shown in 
Figure 1.  
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Figure 1. Schematics of the test rig for the refrigeration unit of marine container 

1 inverter compressor; 2, 28 quick-coupler; 3 suction line; 4 temperature sensing bulb of thermal expansion 
valve; 5 sub-cooler; 6,7,23 solenoid valve; 8 thermal expansion valve; 9 sight-glass; 10 dryer-filter; 11 
fusible plug; 12 surge drum; 13 condenser; 14 check valve; 15 defrosting solenoid valve; 16 evaporator; 18, 
22 evaporator fans; 17, 20 condenser fans; 21 heating rod; 24 temperature sensor; 25 pressure sensor;  26 
electronic expansion valve; 27 cooling line; 29 hot-gas by-pass valve. 
 
The refrigeration unit was mainly composed of inverter compressor, two-speed evaporator fan, evaporator, 
condenser, condenser fan, electronic expansion valve, hot-gas by-pass valve etc. The type of main 
components of refrigeration unit is given in Table 1. The parameters of refrigeration unit which are 
monitored and recorded by the test rig are as follows: exhaust pressure and exhaust temperature of 
compressor, suction pressure and suction temperature of compressor, inlet and outlet temperature of 
condenser, inlet and outlet temperature of evaporator, evaporator pressure, ambient temperature and 
humidity, supply air temperature, return air temperature, inner relative humidity, total system power 
consumption, the power and frequency of compressor. The types of measuring instruments and their 
precision are shown in Table 2. 
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Table 1. The main components of refrigeration unit 

No. Name Model  

1 Inverter compressor Copeland S4BCF-5.2(Y) 

2 Electronic expansion valve Danfoss EX5 

3 Evaporator 
Inner grooved-type with finned tube of hydrophilic 

aluminum foil 

4 Condenser 
Inner grooved-type with finned tube of hydrophilic 

aluminum foil 

5 Two-speed evaporator fan Two speed three phase squirrel-cage motor 

6 Condenser fan Axial flow fan:YMF-4D-450S 

7 Hot-gas by-pass valve Danfoss EX5 

8 Economizer B3-012-34 

9 Thermal expansion valve Danfoss TS23/8X1/2 

Table 2. Model and accuracy of measurement instruments 

Name Parameters Range Accuracy Model 
Discharge pressure 
sensor Pressure 0~25bar ±0.1% Huba 
Suction pressure 
sensor Pressure 0~4bar ±0.1% Huba 
Evaporating 
pressure sensor Pressure -0.8~7bar ±0.1% Emerson 

Temperature sensor Temperature -200~350℃ ±0.1℃ T-type thermocouple 

Power meter Power consumption 0~9999 kW.h ±0.8% Yuanfang PF 9833 

Humidity sensor Humidity 0~100% ±2.3% E+E 23 
Data acquisition 
system 

Temperature / 
Pressure   Agilent 34970 

 

4. EXPERIMENTAL RESULTS AND ANALYSIS 

Two experiments were deployed under chilled mode (set point: 0℃, degree of superheat: 8℃) to validate the 
newly-developed capacity control strategy. One of the experiments is for the capacity control of empty 
container, while the other is for the capacity control of load step-change. 

4.1.   Capacity Control of Empty Container  
From Figure 2 and Figure 3, it can be seen that with the decrease of supply air temperature, the frequency of 
compressor also reduced gradually. When t=225s, the frequency of compressor reached its lowest limit 
(25Hz), but the supply air temperature was still falling due to the low load in the container box. Once the 
supply air temperature was 1.5 degree Celsius lower than set point, the refrigeration unit can change 
automatically to the hot-gas by-pass control mode, and the hot-gas by-pass valve opened immediately. From 
Figure 3,  the supply air temperature was -1.5℃ at t=426s and the hot-gas by-pass valve opened immediately. 
42s later the opening of hot-gas by-pass valve reached its maximum value at 71.8%, then it became to 
decrease because the supply air temperature returned back to the set point and kept stable. As shown in 
Figure 2 the supply air temperature was well maintained at 0℃, and its control error was just 0.2℃. 
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Figure 2. Supply air temperature vs. time 
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Figure 3. Hot-gas by-pass valve opening/compressor speed vs. time 

4.2.   Capacity Control of Load Step-change  
Before the beginning of the test at t=0s, a steady-state operation of the refrigeration unit was achieved with 
1kW inner heat load. From Figure 4 and Figure 5, at t=480s, the sensible cooling load in the container was 
step increased from 1kW to 2kW. Before the step-change was introduced, the supply air temperatures in 
container was kept at its set-point of 0℃ with accuracy of±0.1℃. The supply air temperature started to rise 
at t = 512s. 72s after the introduction of the step-change of heat load the hot-gas by-pass valve was activated 
timely to decrease its opening. When t=738s the hot-gas by-pass valve was fully closed. After that, the 
refrigeration unit changed automatically to the mode of variable-frequency regulation. 
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Figure 4. Supply air temperature vs. time 
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     Figure 5. Hot-gas by-pass valve opening/compressor speed vs. time 

5. CONCLUSIONS 

A novel capacity control strategy based on variable-frequency compressor and hot-gas by-pass was 
developed for the refrigeration unit of marine refrigerated container. The performance tests were carried out 
using a test rig to validate the capacity control strategy. From the experimental results it can be found that the 
capacity control strategy can not only realize the energy-saving operation of the refrigeration unit, but also 
keep the carriage temperature more stable and precise. Especially the capacity control strategy can 
successfully avoid the obvious temperature fluctuation of marine refrigerated container due to the adoption 
of traditional on/off control under low-load conditions. The capacity control strategy is expected to be 
applied to the newly-developed refrigeration unit of marine containers to improve its performance.  
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