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Abstract: This research proposes a roof-mounted auxiliary power supply (APS) system for 600VDC 

low-floor light rail vehicle (LRV). The proposed APS system consists of five parallel-connected dc-

ac inverter modules (modules 1-5). The inverter modules 1 and 2 are three-phase dc-ac inverters for 

compressor motors of the cooling system, and the inverter modules 3 and 4 are three-phase dc-ac 

inverters for air pump motors of the braking system. The inverter module 5 is single-phase dc-ac 

inverter for 220VAC power supply for onboard electric loads. Simulations and experiments were 

carried out under variable load torque and output frequency for modules 1 – 4; and under full and 

no resistive loads for the inverter module 5. The measured total input current and total input power 

of the proposed APS system under full load condition are 118.76A and 71.25kW. Essentially, the 

proposed APS system is operationally applicable to the 600VDC low-floor RLV. Besides, the novelty 

of this research lies in the use of five parallel-connected inverter modules, unlike in the conventional 

APS systems which require three-phase output transformer or isolated dc-dc converter. Specifically, 

the proposed APS system requires neither three-phase output transformer nor isolated dc-dc 

converter.   

Keywords: auxiliary power supply system; low-floor light rail vehicle; dc train; parallel-connected 

dc-ac inverter; variable voltage variable frequency control 

 

1. Introduction 

Metropolises and large cities around the world combat urban traffic congestion and air pollution 

by constructing and encouraging the use of public transportation, particularly dc trains. Examples of 

dc trains are tramway [1,2], light rail vehicle [3–5], metro [6–8], and subway [9]. Of particular interest 

is light rail vehicle (LRV) which is a type of dc train suitable for passenger transportation in less 

densely populated urban areas (i.e., second- or third-tier cities).  

The main components of the propulsion system of LRV include bogie [10], car body [11], traction 

motor [12,13], traction inverter [14], pantograph [15], traction control, network control, and braking 

system. Besides, there are onboard components for train passenger comfort, such as the cooling 

system [16], auxiliary power supply system, electric doors, and air suspension.  

Auxiliary power supply (APS) system is an onboard electrical power supply system which is 

mounted on the roof for low-floor LRV or underfloor for high-floor LRV [17–31]. The APS system 

converts high-voltage power from a dc traction substation [32] supplied through the overhead 

contact line and pantograph into three-phase and single-phase ac voltage power for onboard electric 

loads, such as the cooling system, air pumps, lighting, electric doors, and battery charging system.  

The early APS system consists of input filter circuit, dc-ac inverter, and three-phase output 

transformer. The advantage of the early APS system is pure sinusoidal output waveform. However, 

the early APS system suffers from heavy weight and bulkiness. Figure 1 shows the early APS system 
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for dc trains. The main components include the input filter circuit to reduce input voltage ripple, the 

dc-ac inverter to invert dc voltage into three-phase ac voltage power in the form of three-phase 

modified sinusoidal waveform, and the three-phase output transformer to transform the three-phase 

modified to pure sinusoidal waveform and single-phase 220VAC. A rectifier circuit converts single-

phase 220VAC into 24VDC or 110VDC for battery charging and control system. Due to the heavy 

weight and bulkiness of the early APS system, the technology is limited to underfloor installation in 

high-floor LRV. 

 

Figure 1. The early auxiliary power supply system with three-phase output transformer for dc 

trains. 

Figure 2 shows the APS system with isolated dc-dc converter and high-frequency transformer 

for DC trains. In the figure, the three-phase output transformer is replaced by the dc-dc converter to 

reduce the size and weight of the APS system. Existing research on the APS system with isolated dc-

dc converter for dc trains can be categorized into three groups based on the overhead contact line 

voltage: 3000VDC, 750-1500VDC, and 600VDC. 

 

Figure 2. The isolated dc-dc converter with high-frequency transformer of the APS system for dc 

trains. 

The first group is the APS system for dc trains with 3000VDC nominal overhead contact line 

voltage [17–21]. In [17], the 235kW APS system with dual dc-dc converter isolates and converts the 

overhead contact line voltage, varying between 2.1kV – 4.7kV, into 600VDC for dc trains in Russia. 

In [18], the APS system with front-end isolated dc-dc converter for multi-current locomotives is 

operable in both 16 2/3Hz 15kVAC and 3.0kVDC trains in European countries. To overcome the size 

and weight of the APS for 3.0KV dc commuter trains, the high-frequency output transformer in the 

isolated dc-dc converter is replaced with the low-frequency output transformer [19] and the number 

of series-connected IGBTs of the isolated dc-dc converter is reduced [20,21]. 

The second group is the APS system for 750VDC and 1500VDC trains using IGBT power 

modules [22–24] and SiC MOSFET power modules [25–28] in the isolated dc-dc converters. In [22], 
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the APS system was proposed for 1500VDC double-deck dc trains in the Netherlands, whereby 

500VDC output voltage of the dc-dc converter is for the cooling system and 380VAC from the dc-ac 

inverter for the air pump motors and onboard electric loads. The three-phase dual active bridge dc-

dc converter [23] and the three-level soft switching dc-dc converter [24] are deployed in the APS 

systems for 750VDC overhead contact line dc trains. To increase efficiency and power density of the 

dc-dc converter, the IGBT power modules are replaced with the SiC MOSFET modules [25–28]. 

The last group is the APS system with isolated dc-dc converter for 600VDC trains [29,30]. In [29], 

the soft-switching topology of the dc-dc converter is proposed to reduce the number of diodes, IGBT 

modules, weight, and size of the APS system. In [30], the pulse width modulation-voltage source 

inverter (PWM-VSI) over-modulation technique of dc-ac inverter is used to reduce total harmonic 

distortion of the APS system due to variation in the overhead contact line voltage. In [31], the authors 

comparatively investigate the switching losses and output efficiency of the dc-dc converters of APS 

with IGBT power module and SiC MOSFET power module. The isolated dc-dc converter circuit is 

conventionally used in the APS system. Nevertheless, if the dc-dc converter circuit is faulty, the 

propulsion system and the APS system will stop functioning, resulting in train service disruptions. 

Specifically, this research proposes a roof-mounted APS system for 600VDC low-floor light rail 

vehicle. The proposed APS system consists of five parallel-connected inverter modules (modules 1 – 

5), as shown in Figure 3. The inverter modules 1 and 2 are three-phase dc-ac inverters for compressor 

motors of the cooling system, and modules 3 and 4 are three-phase dc-ac inverters for air pump 

motors of the braking system. The inverter module 5 is single-phase dc-ac inverter for 220VAC power 

supply for onboard electric loads. Unlike the early APS system and the conventional APS system 

with isolated dc-dc converter, the proposed APS system requires no three-phase output transformer 

and isolated dc-dc converter. Instead, the proposed APS system utilizes five parallel-connected 

inverter modules. Besides, simulations and experiments were carried out under variable load torque 

(25 – 100%) and output frequency (10 – 50Hz) for modules 1 – 4; and under full resistive load and no 

resistive load for inverter module 5. The performance metrics are total input current and total input 

power of the proposed APS system (modules 1 – 5) under full load condition. 

The organization of this research is as follows: Section 1 is the introduction. Section 2 details the 

roof-mounted auxiliary power supply system of low-floor LRV. Section 3 deals with the development 

of the proposed APS system for low-floor LRV. Section 4 discusses the simulation and experimental 

results of the proposed APS system. The concluding remarks are provided in Section 5. 
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Figure 3. Proposed auxiliary power supply system for 600VDC low-floor light rail vehicle. 

2. Roof-Mounted Auxiliary Power Supply System 

2.1. Overhead Contact System of Low-Floor Light Rail Vehicle 

The overhead contact system (OCS) is the power distribution system that delivers power to a 

light rail vehicle (LRV) from a contact wire. In this research, the OCS of low-floor LRV includes the 

overhead contact wire (i.e. 600VDC overhead contact line), messenger wire, dropper, support poles 

and power feeds from DC traction substation to the overhead contact wire, as shown in Figure 4. The 

voltage range and maximum traction power of the DC traction substation are 540 – 800VDC and 

2x500kW, respectively. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 1 May 2023                   doi:10.20944/preprints202305.0020.v1

https://doi.org/10.20944/preprints202305.0020.v1


 5 

 

Messenger 
wire Dropper

Support 
pole

Support 
pole Overhead Contact Line

Pantograph
DC 

Traction 
Substation
2x500kW

+

-

Proposed APS systemContact wire

600
VDC

 

Figure 4. The 600VDC overhead contact line for the proposed APS system of the low-floor LRV. 

2.2. Connecting Diagram of Roof-Mounted Auxiliary Power Supply System 

Figure 5(a) shown the 3D model of a low-floor LRV with two cars connected by an articulation 

joint. In Figure 5(b), the proposed APS system is mounted on the rooftop of car no. 1 together with 

traction inverter and cooling system. On the rooftop of car no. 2 are installed a pantograph, the 

traction inverter and the cooling system. 

 
(a) 

 
(b) 

Figure 5. The 600VDC low-floor LRV with the proposed APS system: (a) 3D model, (b) roof-mounted 

electric parts on top of car no. 1 and 2. 

Figure 6 shows the connecting diagram of the proposed APS system and onboard electric loads 

between car no. 1 and 2 of the low-floor LRV. On the rooftop of car no. 1 are installed the pantograph, 

Proposed APS system 
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the lighting arrester (LA), the main circuit breaker (MCB), traction inverter #1, and cooling system #1. 

On the rooftop of car no. 2 are mounted traction inverter #2, cooling system #2, and the APS system.   

 

Figure 6. Connecting diagram of the proposed APS system and onboard electric loads on the low-

floor LRV. 

2.3. Power Consumption of Auxiliary Power Supply System in Light Rail Vehicle 

The total input power of the APS system (𝑃஽஼்) is calculated by multiplying the dc voltage of the 

overhead contact line (𝑣஽஼) multiply with the total dc input current (𝑖஽஼்) and can be mathematically 

expressed as: 𝑃஽஼் = 𝑣஽஼𝑖஽஼், (1)𝑖஽஼் = 𝑖஽஼ଵ + 𝑖஽஼ଶ + 𝑖஽஼ଷ + 𝑖஽஼ସ + 𝑖஽஼ହ, (2)𝑃஽஼் = 𝑣஽஼(𝑖஽஼ଵ + 𝑖஽஼ଶ + 𝑖஽஼ଷ + 𝑖஽஼ସ + 𝑖஽஼ହ), (3)𝑃஽஼் = 𝑃஽஼ଵ + 𝑃஽஼ଶ + 𝑃஽஼ଷ + 𝑃஽஼ସ + 𝑃஽஼ହ, (4)

where 𝑃஽஼் is the total input power, 𝑣஽஼ is the overhead contact line voltage, 𝑖஽஼் is the total input 

current of APS, 𝑖஽஼ଵ and 𝑖஽஼ଶ are the input current of the dc-ac inverters for the compressor motor 

no. 1 and 2, 𝑖஽஼ଷ and 𝑖஽஼ସ are the input current of the dc-ac inverters for air pump motor no. 3 and 

4, 𝑖஽஼ହ is the input current of the dc-ac inverter for the single-phase power supply, 𝑃஽஼ଵ and 𝑃஽஼ଶ 

are the input power of the dc-ac inverters for compressor motor no. 1 and 2, 𝑃஽஼ଷ and 𝑃஽஼ସ are the 

input power of the dc-ac inverters for air pump motor no. 3 and 4, and 𝑃஽஼ହ is the input power of 

the dc-ac inverter for single-phase power supply. 

2.4. Variable Voltage and Variable Frequency Control Method 

In this research, the variable voltage variable frequency (VVVF) control method is utilized to 

vary the speed of the three-phase compressor motors of the cooling system and the three-phase air 

pump motors of the braking system of the low-floor LRV. Specifically, the speed of the compressor 

and air pump motors are regulated by varying the stator voltage and output frequency. The 

advantages of the VVVF controller include straightforwardness, low-complexity algorithm, and ease 

of implementation. The relationship between the stator voltage, output frequency, air gap flux, and 

maximum torque of induction motor can be mathematically expressed as: 𝑣௦ = ቀ௩௙ቁ 𝑓௦, (5)

𝑣௦ = ଶగ√ଶ 𝑁஼𝑘௣∅𝑓௦, (6)∅ = ௩ೞቂమഏ√మே೎௞೛௙ೞቃ, (7)
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𝑇௠௔௫ ≈ ቀ௩ೞ௙ೞቁଶ
, (8)

where 𝑣௦ is the stator voltage, 𝑁௖ is the number of turn per phase of stator windings, 𝑘௣ is the stator 

winding factor, ∅ is the air gap flux, 𝑓௦ is the output frequency, 𝑣 𝑓⁄  is the ratio of stator voltage to 

output frequency, and 𝑇௠௔௫ is the maximum torque. 

Figure 7 shows the relationship between torque and speed in the VVVF control method. The 

ratio of stator voltage to output frequency is varied to optimize the torque and speed of the 

compressor and air pump motors. 

1n 2n 3n 4n 5n 6n 7n 8n

maxT

 

Figure 7. Relationship between torque and speed of the VVVF control method of the compressor and 

air pump motors. 

3. Development of Auxiliary Power Supply System for Low-Floor Light Rail Vehicle 

3.1. Development of Three-Phase DC-AC inverter Modules 

Figures 8 and 9 show the schematic of the three-phase dc-ac inverters and control diagram of 

the compressor motors of cooling system (i.e., inverter modules 1 and 2); and the air pump motors of 

the braking system (inverter modules 3 and 4) of the proposed APS system, respectively. The rated 

power of the compressor motor drivers (i.e., dc-ac inverters for the compressor motors) and the air 

pump motor drivers (dc-ac inverters for air pump motors) are 2x20kW and 2x10kW, respectively. 

Since the compressor motors and the air pump motors are of three-phase induction motors, this 

research uses the VVVF controller to controls the speed of the compressor and air pump motors. In 

this research, the command frequency (𝑓௖) is 50Hz. The stator voltage (𝑣௦) is first derived from the 

relationship between stator voltage and output frequency using equation (5) and then converted into 

two-phase quantity as: 𝑣௫ = 𝑣௦𝑐𝑜𝑠𝜔𝑡, (9)𝑣௬ = 𝑣௦𝑠𝑖𝑛𝜔𝑡, (10)

where 𝑣௫ is the voltage in x axis and 𝑣௬ is the voltage in y axis. 

The stator voltage in two-phase quantity are converted to three-phase coordinates by inverse 

Clarke transform method. The three-phase command voltage are mathematically expressed as: 𝑣௔ = 𝑣௫, (11)

𝑣௕ = − ଵଶ 𝑣௫ + √ଷଶ 𝑣௬, (12)

𝑣௖ = − ଵଶ 𝑣௫ − √ଷଶ 𝑣௬, (13)
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where 𝑣௔ is the command voltage in phase A, 𝑣௕ is the command voltage in phase B, and 𝑣௖ is the 

command voltage in phase C. 

The space vector pulse width modulation (SVPWM) technique is used to generate gate driving 

signals for IGBTs in the three-phase dc-ac inverters for the compressor and air pump motors. 
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Figure 8. Schematic of three-phase dc-ac inverters and control diagram of the compressor motors of 

the APS system. 
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Figure 9. Schematic of three-phase dc-ac inverters and control diagram of the air pump motors of the 

APS system. 

3.2. Development of Single-Phase DC-AC inverter Module 

A 220VAC 50Hz single-phase power supply is required to power onboard electric loads such as 

lighting, fans, CCTV cameras, electric doors, and 24VDC battery charging system. Figure 10 

illustrates the magnitude control diagram of the dc-ac inverter for single-phase power supply (i.e., 

inverter module 5). 

The operation principle of the inverter module 5 is as follows: 

1. The input command voltage (𝑣ଵ) is 220VAC; 
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2. The input command voltage (𝑣ଵ) is compared against the amplitude of the measured output 

voltage (𝑣௭) and the difference between voltage 𝑣ଵ and 𝑣௭ (∆𝑣) is manipulated by the proportional-

integral (PI) controller. The feed forward voltage ( 𝑣ଶ ) is the summation of 𝑣ଵ  and ∆𝑣 and is 

mathematically expressed as; 𝑣ଶ = 𝑣ଵ + ∆𝑣, (11)

3. The command frequency (𝑓ଵ) is 50Hz and through the integrator the angular speed (𝜔) and 

time (𝑡) are obtained; 

4. The overhead contact line voltage (𝑣஽஼) is converted to single-phase 220VAC (i.e., the output 

voltage of the dc-ac inverter) by SVPWM with 𝑣ଶ, 𝜔 and 𝑡 as the inputs; 

5. The output voltage of the dc-ac inverter is converted into sinusoidal waveform by using LC 

low pass filter. 
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Figure 10. Magnitude control diagram of the single-phase power supply of the proposed APS 

system. 

4. Experimental Results of Auxiliary Power Supply System 

The performance of the proposed APS system for low-floor LRV is evaluated under variable 

load torque (25 – 100%) and output frequency (10 – 50Hz) for the three-phase dc-ac inverter modules 

for the compressor motors (modules 1 and 2) and the air pump motors (modules 3 and 4). Meanwhile, 

the performance of the dc-ac inverter for single-phase 220VAC power supply (module 5) is evaluated 

under full load (resistive load = 100%) and no load (resistive load = 0%). Table 1 tabulates the 

specifications of the onboard electric loads on low-floor LRV. 

Table 1. The specifications of onboard electric loads on low-floor LRV. 

Onboard Electric Loads Details 

Compressor motors Load type 3-phase induction motor 

 Output voltage 0 – 400V 

 Output frequency 0 – 50Hz 

 Rated power 20kW 

Air pump motors Load type 3-phase induction motor 

 Output voltage 0 – 400V 

 Output frequency 0 – 50Hz 
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 Rated power 10kW 

Lighting,  Load type 1-phase 

fans, Output voltage 220V 

electric doors, Output frequency 50Hz 

and battery charging system Rated power 5.5kW 

4.1. Experimental Setup 

Figure 11 shows the schematic of the proposed APS system for low-floor LRV, consisting of five 

dc-ac inverter modules. Specifically, the proposed APS system comprises two 20kW three-phase dc-

ac inverter modules for the compressor motors (inverter modules 1 and 2), two 10kW three-phase dc-

ac inverter modules for the air pump motors (inverter modules 3 and 4), and one 5.5kW dc-ac inverter 

for single-phase 220VAC power supply (inverter module 5). 
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Figure 11. Schematic diagram of the proposed APS system for low-floor LRV. 

The 20kW three-phase dc-ac inverter for the compressor motors (i.e., inverter modules 1 and 2) 

consist of a 100A DC circuit breaker (CB), inrush current limiter, LC low-pass filter, IGBT switches, 

three-phase switching board (APY Engineering Co., Ltd.), and microcontroller unit (MCU; SH7125, 

Renesas). The inrush current limiter is used to limit the initial larger flow of electric charge to the 

capacitor (C), and the LC low-pass filter is used to reduce the ripple of overhead contact line voltage 

(𝑣஽஼). The IGBT switches are of 75A 1200V switches (PM75CL1A120, Mitsubishi Electric, Japan). 
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The input power of the inverter module 1 (𝑃஽஼ଵ) is equal to the overhead contact line voltage 

(𝑣஽஼) multiplied by the input current (𝑖஽஼ଵ). The three-phase output voltage and output current of the 

inverter module 1 are 𝑣ଵ௨ି௩, 𝑣ଵ௩ି௪, 𝑣ଵ௪ି௨, and 𝑖ଵ௨, 𝑖ଵ௩, 𝑖ଵ௪, respectively. The three-phase output 

power (𝑃௢௨௧ଵ) of the inverter module 1 is measured by the two-wattmeter method. 

Meanwhile, the input power of the inverter module 2 (𝑃஽஼ଶ) is equal to the overhead contact line 

voltage (𝑣஽஼ ) multiplied by the input current (𝑖஽஼ଶ). The three-phase output voltage and output 

current of the inverter module 2 are 𝑣ଶ௨ି௩, 𝑣ଶ௩ି௪, 𝑣ଶ௪ି௨, and 𝑖ଶ௨, 𝑖ଶ௩, 𝑖ଶ௪, respectively. The three-

phase output power (𝑃௢௨௧ଶ) of the inverter module 2 is measured by the two-wattmeter method. 

The 10kW three-phase dc-ac inverter for the air pump motors (i.e., inverter modules 3 and 4) 

consist of a 40A DC circuit breaker (CB), inrush current limiter, LC low-pass filter, IGBT switches, 

three-phase switching board (APY Engineering Co., Ltd.), and microcontroller unit (MCU; SH7125, 

Renesas). The inrush current limiter is used to limit the initial larger flow of electric charge to the 

capacitor (C), and the LC low-pass filter is used to reduce the ripple of overhead contact line voltage 

(𝑣஽஼). The IGBT switches are of 50A 1200V switches (6MBP50RA120, Mitsubishi Electric, Japan). 

The input power of the inverter module 3 (𝑃஽஼ଷ) is equal to the overhead contact line voltage 

(𝑣஽஼) multiplied by the input current (𝑖஽஼ଷ). The three-phase output voltage and output current of the 

inverter module 3 are 𝑣ଷ௨ି௩, 𝑣ଷ௩ି௪, 𝑣ଷ௪ି௨, and 𝑖ଷ௨, 𝑖ଷ௩, 𝑖ଷ௪, respectively. The three-phase output 

power (𝑃௢௨௧ଷ) of the inverter module 3 is measured by the two-wattmeter method. 

The input power of the inverter module 4 (𝑃஽஼ସ) is equal to the overhead contact line voltage 

(𝑣஽஼) multiplied by the input current (𝑖஽஼ସ). The three-phase output voltage and output current of the 

inverter module 4 are 𝑣ସ௨ି௩, 𝑣ସ௩ି௪, 𝑣ସ௪ି௨, and 𝑖ସ௨, 𝑖ସ௩, 𝑖ସ௪, respectively. The three-phase output 

power (𝑃௢௨௧ସ) of the inverter module 4 is measured by the two-wattmeter method. 

The 5.5kW dc-ac inverter for single-phase 220VAC power supply (i.e., inverter module 5) consist 

of a 40A DC circuit beaker (CB), inrush current limiter, LC low-pass filter, IGBT switches, Three-

phase switching board (APY Engineering Co., Ltd.), and microcontroller unit (MCU; RX24T, 

Renesas). The inrush current limiter is used to limit the initial large flow of electric charge to the 

capacitor (C), and the LC low-pass filter is used to reduce the ripple of overhead contact line voltage 

(𝑣஽஼). The IGBT switches are of 75A 1200V switches (7MBP75RA120), Fuji Electric, Japan). A current 

sensor (L08P050D15), Tamura) is used to measure the output current of the dc-ac inverter. The ac-dc 

rectifier circuit is used to convert 220VAC 50Hz to 24VDC for electric doors controller and the control 

system of low-floor LRV. 

The input power of the inverter module 5 (𝑃஽஼ହ) is equal to the overhead contact line voltage 

(𝑣஽஼) multiplied by the input current (𝑖஽஼ହ). The output voltage and output current of the inverter 

module 5 are 𝑣ହ௦  and 𝑖ହ௦ . The single-phase output power (𝑃௢௨௧ହ ) is measured by a wattmeter 

(WT330, Yokogawa). The RS485 modbus communication ports are used for the centralized control of 

the inverter modules 1 – 5. 

Figure 12 (a) shows the 3D model of the proposed APS system generated by SolidWorks 

modeling software, consisting of two three-phase compressor motors (inverter modules 1 – 2), two 

three-phase air pump motors (inverter modules 3 – 4), and one single-phase power supply (inverter 

module 5). Figure 12(b) depicts the prototype of the proposed APS system, consisting of 2x20kW 

three-phase compressor motors, 2x10kW three-phase air pump motors, and 5.5kW 220VAC 50Hz 

single-phase power supply. 

Figure 13(a) shows the SolidWorks-generated 3D model of the proposed APS system with metal 

casings and electrical enclosures as per Ingress Protection (IP) 65 code against intrusion, dust, 

accidental contact, and water. Figure 13(b) illustrates the prototype of the APS system with metal 

casings and electric enclosures according to IP65 code. Figure 14 depicts the experimental setup of 

the proposed APS system.   
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(a) (b) 

Figure 12. The proposed APS system for low-floor LRV consisting of five inverter modules: (a) 3D 

model; (b) APS system prototype. 

  

(a) (b) 

Figure 13. The proposed APS system for low-floor LRV with metal castings and electrical enclosures 

as per IP65 code: (a) 3D model; (b) APS system prototype with metal castings. 

  
(a) (b) 

Figure 14. The experimental setup of the proposed APS system: (a) 600VDC power supply, APS 

system, resistive load, and 24VDC battery; (b) Load torque #1 - #4. 

4.2. Simulation and Experimental Results 

4.2.1. Three-phase dc-ac Inverters for the compressor motors (inverter modules 1 and 2) 

The simulation and experiment of the three-phase dc-ac inverters for the compressor motors of 

the cooling system (inverter modules 1 and 2) are carried out under the following conditions: (a) the 

overhead contact line voltage (𝑣஽஼) is 600VDC; (b) the load torque is varied between 25%, 50%, 75%, 

and 100%; and (c) the output frequency (𝑓௦) is varied between 10Hz, 20Hz, 30Hz, 40Hz, and 50Hz. 

The performance metrics of inverter modules 1 and 2 include (i) the waveforms of input voltage 

(i.e., overhead contact line voltage; 𝑣஽஼) and of input current of module 1 (𝑖஽஼ଵ) and module 2 (𝑖஽஼ଶ); 

(ii) the waveforms of output voltage (𝑣ଵ௨ି௩ , 𝑣ଵ௩ି௪ , 𝑣ଵ௪ି௨ ) and output current (𝑖ଵ௨ , 𝑖ଵ௩ , 𝑖ଵ௪ ) of 

module 1 and the waveforms of output voltage (𝑣ଶ௨ି௩, 𝑣ଶ௩ି௪, 𝑣ଶ௪ି௨) and output current (𝑖ଶ௨, 𝑖ଶ௩, 𝑖ଶ௪) of module 2; and (iii) the input power of module 1 (𝑃஽஼ଵ) by multiplying 𝑣஽஼ by 𝑖஽஼ଵ, and the 

input power of module 2 (𝑃஽஼ଶ) by multiplying 𝑣஽஼ by 𝑖஽஼ଶ. 

Cooling fans 

Inverter module 5 

Cooling fans 
Inverter modules 3 and 4 

Metal castings 

Metal castings 

3D model 

Load torque #3 
Load torque #4 

Load torque #2 
Load torque #1 

600VDC  
Proposed APS system 

Resistive load 24V Battery 

Inverter modules 1 and 2 Inverter modules 3 and 4 

Inverter modules 1 and 2 

Inverter module 5 
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Figure 15 shows, as an example, the simulated and measured waveforms of the three-phase dc-

ac inverter for the compressor motor of the cooling system (module 1), given 𝑣஽஼= 600V, 𝑓௦= 50Hz, 

and load torque = 100%. In Figure 15 (a) and (c), the simulated and measured overhead contact line 

voltage value (𝑣஽஼) are 600V and 609V, and the simulated and measured output voltage (𝑣ଵ௨ି௩, 𝑣ଵ௩ି௪, 𝑣ଵ௪ି௨) are 430V, 430V, and 430V; and 433V, 430V, and 439V, respectively. In Figure 15 (b) and (d), 

the simulated and measured dc input current (𝑖஽஼ଵ ) are 38A and 37.9A; and the simulated and 

measured output current ( 𝑖ଵ௨ , 𝑖ଵ௩ , 𝑖ଵ௪ ) are 40A, 40A, and 40A; and 39.9A, 39.7A, and 40.0A, 

respectively. 

 

Figure 15. The waveforms of the three-phase dc-ac inverters for the compressor motors (modules 1 

and 2): (a) simulated 𝑣஽஼, 𝑣ଵ௨ି௩, 𝑣ଵ௩ି௪, 𝑣ଵ௪ି௨; (b) simulated 𝑖஽஼ଵ, 𝑖ଵ௨, 𝑖ଵ௩, 𝑖ଵ௪; (c) measured 𝑣஽஼, 𝑣ଵ௨ି௩ , 𝑣ଵ௩ି௪ , 𝑣ଵ௪ି௨ ; (d) measured 𝑖஽஼ଵ , 𝑖ଵ௨ , 𝑖ଵ௩ , 𝑖ଵ௪ ; given 𝑣஽஼ = 600V, 𝑓௦ = 50Hz, load torque = 

100%. 

Figure 16 shows, as an example, the simulated and measured waveforms of the three-phase dc-

ac inverter for the compressor motor of the cooling system (module 1), given 𝑣஽஼= 600V, 𝑓௦= 50Hz, 

and load torque = 75%. In Figure 16 (a) and (c), the simulated and measured overhead contact line 

voltage value (𝑣஽஼) are 600V and 606V, and the simulated and measured output voltage (𝑣ଵ௨ି௩, 𝑣ଵ௩ି௪, 𝑣ଵ௪ି௨) are 430V, 430V, and 430V; and 436V, 427V, and 430V, respectively. In Figure 16 (b) and (d), 

the simulated and measured dc input current (𝑖஽஼ଵ ) are 28A and 28.2A; and the simulated and 

measured output current ( 𝑖ଵ௨ , 𝑖ଵ௩ , 𝑖ଵ௪ ) are 30A, 30A, and 30A; and 30.6A, 30.3A, and 30.7A, 

respectively. 
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Figure 16. The waveforms of the three-phase dc-ac inverters for the compressor motors (modules 1 

and 2): (a) simulated 𝑣஽஼, 𝑣ଵ௨ି௩, 𝑣ଵ௩ି௪, 𝑣ଵ௪ି௨; (b) simulated 𝑖஽஼ଵ, 𝑖ଵ௨, 𝑖ଵ௩, 𝑖ଵ௪; (c) measured 𝑣஽஼, 𝑣ଵ௨ି௩, 𝑣ଵ௩ି௪, 𝑣ଵ௪ି௨; (d) measured 𝑖஽஼ଵ, 𝑖ଵ௨, 𝑖ଵ௩, 𝑖ଵ௪; given 𝑣஽஼= 600V, 𝑓௦= 50Hz, load torque = 75%. 

Figure 17 shows, as an example, the simulated and measured waveforms of the three-phase dc-

ac inverter for the compressor motor of the cooling system (module 1), given 𝑣஽஼ = 600V, 𝑓௦= 50Hz, 

and load torque = 50%. In Figure 17 (a) and (c), the simulated and measured overhead contact line 

voltage value (𝑣஽஼) are 600V and 617V, and the simulated and measured output voltage (𝑣ଵ௨ି௩, 𝑣ଵ௩ି௪, 𝑣ଵ௪ି௨) are 430V, 430V, and 430V; and 446V, 432V, and 445V, respectively. In Figure 17 (b) and (d), 

the simulated and measured dc input current (𝑖஽஼ଵ ) are 16A and 16.3A; and the simulated and 

measured output current ( 𝑖ଵ௨ , 𝑖ଵ௩ , 𝑖ଵ௪ ) are 20A, 20A, and 20A; and 20.1A, 19.9A, and 20.1A, 

respectively. 

Figure 18 shows, as an example, the simulated and measured waveforms of the three-phase dc-

ac inverter for the compressor motor of the cooling system (module 1), given 𝑣஽஼= 600V, 𝑓௦= 50Hz, 

and load torque = 25%. In Figure 18 (a) and (c), the simulated and measured overhead contact line 

voltage value (𝑣஽஼) are 600V and 614V, and the simulated and measured output voltage (𝑣ଵ௨ି௩, 𝑣ଵ௩ି௪, 𝑣ଵ௪ି௨) are 430V, 430V, and 430V; and 434V, 432V, and 441V, respectively. In Figure 18 (b) and (d), 

the simulated and measured dc input current (𝑖஽஼ଵ ) are 4A and 4.11A; and the simulated and 

measured output current ( 𝑖ଵ௨ , 𝑖ଵ௩ , 𝑖ଵ௪ ) are 12A, 12A, and 12A; and 12.9A, 12.7A, and 13.0A, 

respectively. 

The simulated and measured waveforms of both three-phase dc-ac inverters for the compressor 

motors (i.e., modules 1 and 2) are identical. 
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Figure 17. The waveforms of the three-phase dc-ac inverters for the compressor motors (modules 1 

and 2): (a) simulated 𝑣஽஼, 𝑣ଵ௨ି௩, 𝑣ଵ௩ି௪, 𝑣ଵ௪ି௨; (b) simulated 𝑖஽஼ଵ, 𝑖ଵ௨, 𝑖ଵ௩, 𝑖ଵ௪; (c) measured 𝑣஽஼, 𝑣ଵ௨ି௩, 𝑣ଵ௩ି௪, 𝑣ଵ௪ି௨; (d) measured 𝑖஽஼ଵ, 𝑖ଵ௨, 𝑖ଵ௩, 𝑖ଵ௪; given 𝑣஽஼= 600V, 𝑓௦= 50Hz, load torque = 50%. 

 

Figure 18. The waveforms of the three-phase dc-ac inverters for the compressor motors (modules 1 

and 2): (a) simulated 𝑣஽஼, 𝑣ଵ௨ି௩, 𝑣ଵ௩ି௪, 𝑣ଵ௪ି௨; (b) simulated 𝑖஽஼ଵ, 𝑖ଵ௨, 𝑖ଵ௩, 𝑖ଵ௪; (c) measured 𝑣஽஼, 𝑣ଵ௨ି௩, 𝑣ଵ௩ି௪, 𝑣ଵ௪ି௨; (d) measured 𝑖஽஼ଵ, 𝑖ଵ௨, 𝑖ଵ௩, 𝑖ଵ௪; given 𝑣஽஼= 600V, 𝑓௦= 50Hz, load torque = 25%. 

Figure 19 (a) shows the measured dc input current (𝑖஽஼ଵ) of the three-phase dc-ac inverter of the 

compressor motor (module 1) under variable load torques (25 – 100%) and output frequency (10 – 
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50Hz). The maximum dc input current (𝑖஽஼ଵ) is 37.9A, given the load torque and output frequency of 

100% (full load) and 50Hz. 

Figure 19 (b) shows the measured dc input power (𝑃஽஼ଵ) of the three-phase dc-ac inverter of the 

compressor motor (module 1) under variable load torques (25 – 100%) and output frequency (10 – 

50Hz). The maximum dc input power (𝑃஽஼ଵ) is 22.74kW, given the load torque and output frequency 

of 100% (full load) and 50Hz. 

  
(a) (b) 

Figure 19. The measured results of the three-phase dc-ac inverter for the compressor motors (i.e. 

module 1) under variable load torque (25 – 100%) and output frequency (10 – 50Hz): (a) dc input 

current (𝑖஽஼ଵ); (b) dc input power (𝑃஽஼ଵ). 

Figure 20 (a) shows the measured dc input current (𝑖஽஼ଵ  and 𝑖஽஼ଶ) of the three-phase dc-ac 

inverters of the compressor motors (modules 1 and 2) under variable load torques (25 – 100%) and 

output frequency (10 – 50Hz). The dc input current of modules 1 and 2 (𝑖஽஼ଵ+𝑖஽஼ଶ) is 75.8A, given the 

load torque and output frequency of 100% (full load) and 50Hz. 

Figure 20 (b) shows the measured dc input power (𝑃஽஼ଵ and 𝑃஽஼ଶ) of the three-phase dc-ac 

inverters of the compressor motors (modules 1 and 2) under variable load torques (25 – 100%) and 

output frequency (10 – 50Hz). The dc input power of modules 1 and 2 (𝑃஽஼ଵ+𝑃஽஼ଶ) is 45.48kW, given 

the load torque and output frequency of 100% (full load) and 50Hz. 

  
(a) (b) 

Figure 20. The measured results of the three-phase dc-ac inverter for the compressor motors (i.e. 

modules 1 and 2) under variable load torque (25 – 100%) and output frequency (10 – 50Hz): (a) dc 

input current (𝑖஽஼ଵ+𝑖஽஼ଶ); (b) dc input power (𝑃஽஼ଵ+𝑃஽஼ଶ). 

4.2.2. Three-phase dc-ac Inverters for the air pump motors (inverter modules 3 and 4) 

The simulation and experiment of the three-phase dc-ac inverters for the air pump motors of the 

braking system (inverter modules 3 and 4) are undertaken under the following conditions: (a) the 

overhead contact line voltage (𝑣஽஼) is 600VDC; (b) the load torque is varied between 25%, 50%, 75%, 

and 100%; and (c) the output frequency (𝑓௦) is varied between 10Hz, 20Hz, 30Hz, 40Hz, and 50Hz. 

The performance metrics of inverter modules 3 and 4 include (i) the waveforms of input voltage 

(i.e., overhead contact line voltage; 𝑣஽஼) and of input current of module 3 (𝑖஽஼ଷ) and module 4 (𝑖஽஼ସ); 

(ii) the waveforms of output voltage (𝑣ଷ௨ି௩ , 𝑣ଷ௩ି௪ , 𝑣ଷ௪ି௨ ) and output current (𝑖ଷ௨ , 𝑖ଷ௩ , 𝑖ଷ௪ ) of 

module 3 and the waveforms of output voltage (𝑣ସ௨ି௩, 𝑣ସ௩ି௪, 𝑣ସ௪ି௨) and output current (𝑖ସ௨, 𝑖ସ௩, 

iDC1 = 37.9A 
PDC1 = 22.74kW 

iDC1+iDC2 = 75.8A 
PDC1+PDC2 = 45.48kW 
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𝑖ସ௪) of module 4; and (iii) the input power of module 3 (𝑃஽஼ଷ) by multiplying 𝑣஽஼ by 𝑖஽஼ଷ, and the 

input power of module 4 (𝑃஽஼ସ) by multiplying 𝑣஽஼ by 𝑖஽஼ସ. 

Figure 21 shows, as an example, the simulated and measured waveforms of the three-phase dc-

ac inverter for the air pump motor of the braking system (module 3), given 𝑣஽஼ = 600V, fs = 50Hz, 

and load torque = 100%. In Figure 21 (a) and (c), the simulated and measured overhead contact line 

voltage value (𝑣஽஼ ) are 600V and 611V, and the simulated and measured output voltage (𝑣ଷ௨ି௩ , 𝑣ଷ௩ି௪, 𝑣ଷ௪ି௨) are 430V, 430V, and 430V; and 432V, 428V, and 444V, respectively. In Figure 21 (b) and 

(d), the simulated and measured dc input current (𝑖஽஼ଷ) are 16A and 16.6A; and the simulated and 

measured output current ( 𝑖ଷ௨ , 𝑖ଷ௩ , 𝑖ଷ௪ ) are 14A, 14A, and 14A; and 14.2A, 13.9A, and 14.2A, 

respectively. 

 

Figure 21. The waveforms of the three-phase dc-ac inverter for the air pump motors (modules 3 and 

4): (a) simulated 𝑣஽஼, 𝑣ଷ௨ି௩, 𝑣ଷ௩ି௪, 𝑣௪ି௨; (b) simulated 𝑖஽஼ଷ, 𝑖ଷ௨, 𝑖ଷ௩, 𝑖ଷ௪; (c) measured 𝑣஽஼, 𝑣ଷ௨ି௩, 𝑣ଷ௩ି௪, 𝑣௪ି௨; (d) measured 𝑖஽஼ଷ, 𝑖ଷ௨, 𝑖ଷ௩, 𝑖ଷ௪; given 𝑣஽஼= 600V, 𝑓௦= 50Hz, load torque = 100%. 

Figure 22 shows, as an example, the simulated and measured waveforms of the three-phase dc-

ac inverter for the air pump motor of the braking system (module 3), given 𝑣஽஼ = 600V, 𝑓௦ = 50Hz, 

and load torque = 75%. In Figure 22 (a) and (c), the simulated and measured overhead contact line 

voltage value (𝑣஽஼ ) are 600V and 613V, and the simulated and measured output voltage (𝑣ଷ௨ି௩ , 𝑣ଷ௩ି௪, 𝑣ଷ௪ି௨) are 430V, 430V, and 430V; and 441V, 437V, and 446V, respectively. In Figure 22 (b) and 

(d), the simulated and measured dc input current (𝑖஽஼ଷ) are 12A and 11.9A; and the simulated and 

measured output current ( 𝑖ଷ௨ , 𝑖ଷ௩ , 𝑖ଷ௪ ) are 10A, 10A, and 10A; and 10.0A, 9.91A, and 10.0A, 

respectively. 
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Figure 22. The waveforms of the three-phase dc-ac inverter for the air pump motors (modules 3 and 

4): (a) simulated 𝑣஽஼, 𝑣ଷ௨ି௩, 𝑣ଷ௩ି௪, 𝑣௪ି௨; (b) simulated 𝑖஽஼ଷ, 𝑖ଷ௨, 𝑖ଷ௩, 𝑖ଷ௪; (c) measured 𝑣஽஼, 𝑣ଷ௨ି௩, 𝑣ଷ௩ି௪, 𝑣௪ି௨; (d) measured 𝑖஽஼ଷ, 𝑖ଷ௨, 𝑖ଷ௩, 𝑖ଷ௪; given 𝑣஽஼= 600V, 𝑓௦= 50Hz, load torque = 75%. 

Figure 23 shows, as an example, the simulated and measured waveforms of the three-phase dc-

ac inverter for the air pump motor of the braking system (module 3), given 𝑣஽஼  = 600V, 𝑓௦ = 50Hz, 

and load torque = 50%. In Figure 23 (a) and (c), the simulated and measured overhead contact line 

voltage value (𝑣஽஼ ) are 600V and 607V, and the simulated and measured output voltage (𝑣ଷ௨ି௩ , 𝑣ଷ௩ି௪, 𝑣ଷ௪ି௨) are 430V, 430V, and 430V; and 439V, 438V, and 446V, respectively. In Figure 23 (b) and 

(d), the simulated and measured dc input current (𝑖஽஼ଷ) are 7A and 7.1A; and the simulated and 

measured output current (𝑖ଷ௨, 𝑖ଷ௩, 𝑖ଷ௪) are 6A, 6A, and 6A; and 6.0A, 5.97A, and 6.0A, respectively. 

Figure 24 shows, as an example, the simulated and measured waveforms of the three-phase dc-

ac inverter for the air pump motor of the braking system (module 3), given 𝑣஽஼ = 600V, 𝑓௦ = 50Hz, 

and load torque = 25%. In Figure 24 (a) and (c), the simulated and measured overhead contact line 

voltage value (𝑣஽஼ ) are 600V and 617V, and the simulated and measured output voltage (𝑣ଷ௨ି௩ , 𝑣ଷ௩ି௪, 𝑣ଷ௪ି௨) are 430V, 430V, and 430V; and 446V, 442V, and 445V, respectively. In Figure 24 (b) and 

(d), the simulated and measured dc input current (𝑖஽஼ଷ) are 2.5A and 2.39A; and the simulated and 

measured output current (𝑖ଷ௨, 𝑖ଷ௩, 𝑖ଷ௪) are 3A, 3A, and 3A; and 3.64A, 3.68A, and 3.76A, respectively. 

The simulated and measured waveforms of both three-phase dc-ac inverters for the air pump 

motors (i.e., modules 3 and 4) are identical. 
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Figure 23. The waveforms of the three-phase dc-ac inverter for the air pump motors (modules 3 and 

4): (a) simulated 𝑣஽஼, 𝑣ଷ௨ି௩, 𝑣ଷ௩ି௪, 𝑣௪ି௨; (b) simulated 𝑖஽஼ଷ, 𝑖ଷ௨, 𝑖ଷ௩, 𝑖ଷ௪; (c) measured 𝑣஽஼, 𝑣ଷ௨ି௩, 𝑣ଷ௩ି௪, 𝑣௪ି௨; (d) measured 𝑖஽஼ଷ, 𝑖ଷ௨, 𝑖ଷ௩, 𝑖ଷ௪; given 𝑣஽஼= 600V, 𝑓௦= 50Hz, load torque = 50%. 

 

Figure 24. The waveforms of the three-phase dc-ac inverter for the air pump motors (modules 3 and 

4): (a) simulated 𝑣஽஼, 𝑣ଷ௨ି௩, 𝑣ଷ௩ି௪, 𝑣௪ି௨; (b) simulated 𝑖஽஼ଷ, 𝑖ଷ௨, 𝑖ଷ௩, 𝑖ଷ௪; (c) measured 𝑣஽஼, 𝑣ଷ௨ି௩, 𝑣ଷ௩ି௪, 𝑣௪ି௨; (d) measured 𝑖஽஼ଷ, 𝑖ଷ௨, 𝑖ଷ௩, 𝑖ଷ௪; given 𝑣஽஼= 600V, 𝑓௦= 50Hz, load torque = 25%. 

Figure 25 (a) shows the measured dc input current (𝑖஽஼ଷ) of the three-phase dc-ac inverter of the 

air pump motor (module 3) under variable load torques (25 – 100%) and output frequency (10 – 

50Hz). The maximum dc input current (𝑖஽஼ଷ) is 16.6A, given the load torque and output frequency of 

100% (full load) and 50Hz. 
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Figure 25 (b) shows the measured dc input power (𝑃஽஼ଷ) of the three-phase dc-ac inverter of the 

pump motor (module 3) under variable load torques (25 – 100%) and output frequency (10 – 50Hz). 

The maximum dc input power (𝑃஽஼ଷ) is 9.96kW, given the load torque and output frequency of 100% 

(full load) and 50Hz. 

  
(a) (b) 

Figure 25. The measured results of the three-phase dc-ac inverter for the air pump motors (i.e. 

modules 3) under variable load torque (25 – 100%) and output frequency (10 – 50Hz): (a) dc input 

current (𝑖஽஼ଷ); (b) dc input power (𝑃஽஼ଷ). 

Figure 26 (a) shows the measured dc input current (𝑖஽஼ଷ  and 𝑖஽஼ସ) of the three-phase dc-ac 

inverters of the air pump motors (modules 3 and 4) under variable load torques (25 – 100%) and 

output frequency (10 – 50Hz). The dc input current of modules 3 and 4 (𝑖஽஼ଷ + 𝑖஽஼ସ) is 33.2A, given 

the load torque and output frequency of 100% (full load) and 50Hz. 

Figure 26 (b) shows the measured dc input power (𝑃஽஼ଷ and 𝑃஽஼ସ) of the three-phase dc-ac 

inverters of the air pump motors (modules 3 and 4) under variable load torques (25 – 100%) and 

output frequency (10 – 50Hz). The dc input power of modules 3 and 4 (𝑃஽஼ଷ + 𝑃஽஼ସ) is 19.92kW, given 

the load torque and output frequency of 100% (full load) and 50Hz. 

  

(a) (b) 

Figure 26. The measured results of the three-phase dc-ac inverter for the air pump motors (i.e. 

modules 3 and 4) under variable load torque (25 – 100%) and output frequency (10 – 50Hz): (a) dc 

input current (𝑖஽஼ଷ+𝑖஽஼ସ); (b) dc input power (𝑃஽஼ଷ+𝑃஽஼ସ). 

4.2.3. The dc-ac Inverter for 220VAC single-phase power supply (inverter module 5) 

The simulation and experiment of the dc-ac inverter for the 220 VAC single-phase power supply 

(inverter module 5) are undertaken under the following conditions: (a) the overhead contact line 

voltage (𝑣஽஼) is 600VDC; (b) the resistive load is varied between 0% (no load) and 100% (full load); 

and (c) the output frequency (𝑓௦) is 50Hz. 

The performance metrics of inverter module 5 include (i) the waveform of input voltage (i.e., 

overhead contact line voltage; 𝑣஽஼); (ii) the waveform of input current of module 5 (𝑖஽஼ହ); (iii) the 

waveform of output voltage (𝑣ହ௦); (iv) the waveform of output current (𝑖ହ௦); and (v) the input power 

of module 5 (𝑃஽஼ହ) by multiplying 𝑣஽஼ by 𝑖஽஼ହ. 

iDC3 = 16.6A 
PDC3 = 9.96kW 

iDC3+iDC4 = 33.2A PDC3+PDC4 = 19.92kW 
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Figure 27 (a) and (b) respectively show the simulated and measured 𝑣஽஼ , 𝑖஽஼ହ , 𝑣ହ௦  and 𝑖ହ௦ 

waveforms of the dc-ac inverter for the single-phase power supply (module 5) under the full load 

condition (resistive load = 100%), given 𝑣஽஼ = 600V and 𝑓௦= 50Hz. The corresponding 𝑣஽஼, 𝑖஽஼ହ, 𝑣ହ௦ 

and 𝑖ହ௦  waveforms of module 5 under no load condition (resistive load = 0%) are illustrated in 

Figures 27 (c) and (d). 

 

Figure 27. The 𝑣஽஼, 𝑖஽஼ହ, 𝑣ହ௦, and 𝑖ହ௦ waveforms of the dc-ac inverter for the single-phase power 

supply (module 5) given 𝑣஽஼= 600VDC and 𝑓௦= 50Hz: (a) full load (simulated; resistive load = 100%); 

(b) full load (measured); (c) no load (simulated; resistive load = 0%); (d) no load (measured). 

Under the full load condition (Figure 27 (a)-(b)), the simulated and measured 𝑣஽஼, 𝑖஽஼ହ, 𝑣ହ௦, and 𝑖ହ௦  are 600V and 602V; 10A and 9.76A; 330V and 329V; and 24A and 24.10A. The simulated and 

measured input power (PDC5) of the dc-ac inverter for the 220VAC single-phase power supply at full 

load are 6.0 kW and 5.87kW. Meanwhile, under no load condition (Figure 27 (c)-(d)), the simulated 

and measured 𝑣஽஼, 𝑖஽஼ହ, 𝑣ହ௦, and 𝑖ହ௦  are 600V and 608V; 1.0A and 0.9A; 330V and 325V; and 2.0A 

and 2.18A. The simulated and measured input power (𝑃஽஼ହ) of the dc-ac inverter for the 220VAC 

single-phase power supply at full load are 0.6 kW and 0.58kW. 

4.2.4. Maximum input power consumption of auxiliary power supply system 

The total input power consumption (𝑃஽஼்) of the proposed APS system are the summation of the 

input power of inverter modules 1 – 5 (𝑃஽஼ଵ, 𝑃஽஼ଶ, 𝑃஽஼ଷ, 𝑃஽஼ସ, 𝑃஽஼ହ) under full load condition. Table 

2 tabulates the simulated and measured maximum input current (𝑖஽஼) and input power (𝑃஽஼) of the 

dc-ac inverters (modules 1 – 5) of the proposed APS system under full load condition.  

Table 2. The simulated and measured maximum input current and input power of the dc-ac inverters 

(modules 1 – 5) of the APS system under full load condition, given the overhead contact line voltage 

(𝑣஽஼) of 600V. 

Onboard Electric Loads Details Measured Simulated % Error 

Compressor motors  𝑖஽஼ଵ 37.9A 37A 2.37 

(2 units; modules 1 and2) 𝑃஽஼ଵ 22.74kW 22kW 3.25 
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 𝑖஽஼ଶ 37.9A 37A 2.37 

 𝑃஽஼ଶ 22.7kW 22kW 3.25 

Air pump motors 𝑖஽஼ଷ 16.6A 16A 3.61 

(2 units; modules 3 and 4) 𝑃஽஼ଷ 9.96kW 9.6kW 3.61 

 𝑖஽஼ସ 16.6A 16A 3.61 

 𝑃஽஼ସ 9.96kW 9.6kW 3.61 

Resistive load 𝑖஽஼ହ 9.76A 10A 2.45 

(Module 5) 𝑃஽஼ହ 5.85kW 6.0kW 2.56 

Figure 28 shows the measured total input current of modules 1 – 4 (𝑖஽஼ଵ+𝑖஽஼ଶ+𝑖஽஼ଷ +𝑖஽஼ସ) under 

variable load torque (25 – 100%) and output frequency (10 – 50Hz), given the overhead contact line 

voltage (𝑣஽஼) of 600V. The measured total input current of the dc-ac inverters for the compressor 

motors and air pump motors (modules 1 – 4; 𝑖஽஼ଵ + 𝑖஽஼ଶ+ 𝑖஽஼ଷ + 𝑖஽஼ସ) under full load condition (100% 

load torque and 50Hz) is 109A. Meanwhile, the corresponding simulated 𝑖஽஼ଵ + 𝑖஽஼ଶ+ 𝑖஽஼ଷ + 𝑖஽஼ସ is 

108A. 

 

Figure 28. The measured total input current of the dc-ac inverters for compressor motors and air 

pump motors (modules 1 – 4; 𝑖஽஼ଵ-𝑖஽஼ସ) under variable load torque (25 – 100%) and output frequency 

(10 – 50Hz), given the overhead contact line voltage (𝑣஽஼) of 600V. 

Figure 29 shows the measured total input power of modules 1 – 4 (𝑃஽஼ଵ + 𝑃஽஼ଶ + 𝑃஽஼ଷ + 𝑃஽஼ସ) 

under variable load torque (25 – 100%) and output frequency (10 – 50 Hz), given the overhead contact 

line voltage (𝑣஽஼) of 600V. The measured total input power of the dc-ac inverters for the compressor 

motors and air pump motors (modules 1 – 4; 𝑃஽஼ଵ + 𝑃஽஼ଶ + 𝑃஽஼ଷ + 𝑃஽஼ସ) under full load condition is 

65.4kW. Meanwhile, the corresponding simulated PDC1 + PDC2 + PDC3 + PDC4 is 64.8kW. 

 

PDC1+PDC2+PDC3+PDC4 = 65.4kW 

iDC1+iDC2+iDC3+iDC4 = 109A 

fs = 10Hz 

fs = 40Hz 

fs = 50Hz 

fs = 30Hz 

fs = 20Hz 

fs = 10Hz 

fs = 40Hz 

fs = 50Hz 

fs = 30Hz 

fs = 20Hz 
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Figure 29. The measured total input power of the dc-ac inverters for compressor motors and air pump 

motors (modules 1 – 4; 𝑃஽஼ଵ-𝑃஽஼ସ) under variable load torque (25 – 100%) and output frequency (10 – 

50Hz), given the overhead contact line voltage (𝑣஽஼) of 600V. 

Figure 30 shows the measured total input current of modules 1 – 5 (𝑖஽஼்) under variable load 

torque (25 – 100%) and output frequency (10 – 50Hz), given the overhead contact line voltage (𝑣஽஼) 

of 600V. The measured total input current of modules 1 – 5 (𝑖஽஼்) under full load condition is 118.76A. 

Meanwhile, the corresponding simulated 𝑖஽஼் is 120A. 

 

Figure 30. The measured total input current of the dc-ac inverters modules 1 – 5 (𝑖஽஼்) under variable 

load torque (25 – 100%) and output frequency (10 – 50Hz) for modules 1 – 4 and resistive load of 100% 

and output frequency of 50Hz for module 5, given the overhead contact line voltage (𝑣஽஼) of 600V. 

Figure 31 shows the measured total input power of modules 1 – 5 (𝑃஽஼்) under variable load 

torque (25 – 100%) and output frequency (10 – 50Hz), given the overhead contact line voltage (𝑣஽஼) 

of 600V. The measured total input power of modules 1 – 5 (𝑃஽஼்) under full load condition is 71.25kW. 

Meanwhile, the corresponding simulated 𝑃஽஼் is 70kW. 

 

Figure 31. The measured total input power of the dc-ac inverters modules 1 – 5 (𝑃஽஼்) under variable 

load torque (25 – 100%) and output frequency (10 – 50Hz) for modules 1 – 4 and resistive load of 100% 

and output frequency of 50Hz for module 5, given the overhead contact line voltage (𝑣஽஼) of 600V. 

Figure 32 depicts the 600VDC low-floor light rail vehicle (LRV) with the roof-mounted APS 

system. The LRV is to be officially launched and in service by June 2023 in Thailand’s northeastern 

province of Khon Kaen (i.e., a second-tier city), located 450 km northeast of the capital Bangkok. 

PDCT = 71.25kW 

iDCT = 118.76A 

fs = 10Hz 

fs = 40Hz 

fs = 50Hz 

fs = 30Hz 

fs = 20Hz 

fs = 10Hz 

fs = 40Hz 

fs = 50Hz 

fs = 30Hz 

fs = 20Hz 
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Figure 32. Low-floor light rail vehicle with the roof-mounted APS system. 

5. Conclusion 

This research proposed a roof-mounted APS system for 600VDC low-floor LRV, consisting of 

five parallel-connected inverter modules (modules 1 – 5). The inverter modules 1 and 2 are three-

phase dc-ac inverters for compressor motors of the cooling system, and modules 3 and 4 are three-

phase dc-ac inverters for air pump motors of the braking system. The inverter module 5 is single-

phase dc-ac inverter for 220VAC power supply for onboard electric loads, including lighting, fans, 

CCTV cameras, electric doors, and 24VDC battery charging system. The v/f control method is used 

to vary the speed of the three-phase compressor motors of the cooling system (modules 1 and 2) and the three-phase air pump motors 

of the braking system (modules 3 and 4) of the low-floor LRV. The magnitude control is applied to module 5 for 

220VAC output voltage and 50Hz output frequency. Simulations and experiments were carried out 

under variable load torque (25 – 100%) and output frequency (10 – 50Hz) for modules 1 – 4; and under 

full resistive load and no resistive load for the inverter module 5. The measured total input current 

(𝑖஽஼்) and total input power (𝑃஽஼்) of the proposed APS system under full load condition are 118.76A 

and 71.25kW, respectively. The experimental results indicate that the proposed APS system is 

operationally applicable to the 600VDC low-floor RLV. Subsequent research deals with the design 

and development of the roof-mounted traction system of the 600VDC low-floor LRV and the traction 

substation.  
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