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Motivation

ƴ Reduction of Global Carbon Emissions Required
ƴ Transportation Sector Responsible for 14%of CO2 Emissions

ƴ Transportation in Europe Approx. 25% of All Emissions
ƴ Transportation in US Approx. 29% of All Emissions

Ҧ Goal: Decarbonization and Implementation of a Sustainable Transportation Sector

ƴ Railway Systems: Greenest and Cleanest Mode of Transport
Å Performance Improvements Demanded

ƴ Focus on Pressurized Air Supply Systemof Railway Vehicles
Å Air Brake System
Å Door Control System
Å Pantograph Lifting

ƴ General Requirements
Å Compactness
Å High Efficiency
Å Reliability 
Å Redundancy

Ҧ Unique Operating Conditions

[Source: YUJIN]



3/44

Application

Ҧ Ultra Compact 1ɮAC-Supplied VSD System

ƴ Oil-Free Scroll Compressor 7.5kW @ 3700rpm
Å Charge Pressure Tank

ƴ Variable Speed Operation
Å Maximum System Performance

ƴ AC-Operation (Grid) 280µ530Vrms
Å Nominal Voltage 400Vrms@ 50Hz
Å Tertiary Traction Transformer Winding
Å Ensure Unity Power Factor Operation

ƴ DC-Operation (Battery) 70µ.110Vdc
Å On-Board Battery
Å Startup and Grid Interruption

ƴ 1ɮAC/DC-to-3ɮAC Converter System
ÅWide-Input Voltage Range
Å Survive Grid Disturbances and Interruptions
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ƴ Proposed MPPB Concept 

Å Mechanical Energy Storage╙Ἑ Ўʖ

Ą Electrolytic-Less1ɮAC-Supplied VSD System

Challenge

ƴ State-of-the-Art

Å ElectricalEnergy Storage ╒ἎἍ Ў○ἎἍ
╟

Ⱬ █ἑ○╓╒╒ἎἍ

ƴ Avoid Electrolytic Capacitors (1ltr.) Ą Increased Lifetime
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ƴ Proposed MPPB Concept 

Å Mechanical Energy Storage╙Ἑ Ўʖ

Ą Electrolytic-Less1ɮAC-Supplied VSD System

Motor-Integrated Power Pulsation Buffer (MPPB)

ƴ State-of-the-Art

Å ElectricalEnergy Storage ╒ἎἍ Ў○ἎἍ
╟

Ⱬ █ἑ○╓╒╒ἎἍ

ƴ Avoid Electrolytic Capacitors (1ltr.) Ą Increased Lifetime
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Focus of the Talk

Part I: Single-Inverter Topology

Part II: Dual-Inverter Topology

Part III:dv/dt-Limited PWM-Based VSD Systems
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Part I
Single-Inverter (SI) Topology
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SI ̧ Topology

Ҧ How to Control?

ƴ Two-Stage Implementation

ƴ I. PFC Rectifier
Å Boost-Type
Å Totem-Pole with Unfolder Leg
Å Three Interleaved HF Legs

ƴ Intermediate DC-Link
Å Electrolytic-Less
Å Nominal:    650Vdc
Å Maximum:  800Vdc
Ą 1.2kV SiCMOSFETs

ƴ II. Three-Phase Inverter
Å Two-Level
Å Voltage Source Inverter (VSI)



9/44

SI ̧ Control

ƴ Control Objectives: PFC Operation, DC-Link Voltage and Average Speed Control
Å Implemented inCascaded Fashion
Å Based on Grid Power Feedforward andInner Current Control Loops

Ҧ Verified by Circuit Simulation for CDC= 60ʈF- only 8ʈF/kW Ҧ Voltage / Speed Ripple 34Vpkpk/ 120rpmpkpk
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Performance  Analysis

Source: Siemens
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ƴ Conventional System (Ὥ π!)
Å Torque-Generating Current

░ἙἹ ╘Ἑ
╟

╥Ἔ
ͯ╣Ἐ

ƴ Electrolytic-Less MPPB (Ὥ π!)
Å Torque-Generating Current

░ἙἹ ╘Ἑ ἫἷἻⱫ█ἑ◄ ͯ◄Ἑ

ƴ dq-Transformation withⱠ ▬ⱷ◄

░ἙἩ
░ἙἪ
░Ἑ╬

ἫἷἻⱠ ἻἱἶⱠ
ἫἷἻⱠ ⱫȾ ἻἱἶⱠ ⱫȾ

ἫἷἻⱠ ⱫȾ ἻἱἶⱠ ⱫȾ
ɇ
░ἙἬ
░ἙἹ

ƴ Superposition:  ░ἙἩ ╘Ἑ Ἳἱἶ▬ⱷ◄ Ἳἱἶ▬ⱷ◄ Ⱬ█ἑ◄ Ἳἱἶ▬ⱷ◄ Ⱬ█ἑ◄

SI ̧ Comparative Phase Current Analysis

Ҧ Harmonic Components @ ▬ⱷ,▬ⱷ Ⱬ█ἑand▬ⱷ Ⱬ█ἑ

ƴ Comparison

Source: Siemens
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ƴ Harmonic Components: ▬ⱷ, ▬ⱷ Ⱬ█ἑand ▬ⱷ Ⱬ█ἑ

Å Standing Waves for ▬ⱷ Ⱬ█ἑ(100Hz) and ▬ⱷ Ⱬ█ἑ(50Hz)
Å Similar to Startup

Å Asymmetric Phase Stresses Ą Restricted Frequency Ranges

Å Total Conduction Losses Remain

SI ̧ Phase Conduction Losses

Ҧ Degree of Freedom: Number of Pole Pairs p
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SI ̧ Performance Analysis: Motor and Inverter

ƴ M. Motor

Å Conventional System ╟ἤἙ ╟ἤἙἶἴ ╡Ἳ╘Ἑ

Å Electrolytic-Less MPPB ╟ἤἙ ╟ἤἙἶἴ ╡Ἳ╘Ἑ
Å Relative Loss Increase +25%

ƴ I. IGBT Inverter

╟ἤἓ ╥Ἦ╘ἜἒἩἾἯ █ἓἻἿ▓╘ἜἒἩἾἯ

Å NoAdditional Losses - High Total Losses

ƴ II. MOSFET Inverter with dv/dt-Limitation (Miller Capacitor)

╟ἤἓ ╡ἷἶ╘ἜἒἺἵἻ █ἓἻἿ▓ ▓╘ἜἒἩἾἯ

Å Relative Loss Increase +17%

ƴ III. MOSFET Inverter with LC-Output-Filter

╟ἤἓ ╡ἷἶ╘ἜἒἺἵἻ █ἓἻἿ▓ ▓╘ἜἒἩἾἯ▓╘ἜἒἺἵἻ

Å Relative Loss Increase  +25%
Å Peak Phase Current+ 100%

Ҧ Implement and Verify Hardware Demonstrator

M. I. II. III. 
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Implementation 
and Verification
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SI ̧ Implementation

ƴ Circuit Schematic

ƴ Motor Integration in Three Layers

Ҧ Drive System Performance: 0.91kW/ltr. and91.4% @ 7.5kW - IES2 Compliant 

ƴ Losses: 703W ( 91.4% )

ƴ Volume: 8.2ltr. ( 0.91kW/ltr. )

3 x 48kHz 60ʈF(Foil) 24kHz
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ƴ Motor-Integrated Electrolytic-Less 1ɮAC-Supplied VSD System
Å Time-Domain Waveforms at Nominal Operating Point
Å Verification on Motor Test Bench

(Specifically Developed) 

SI ̧ Hardware Demonstrator

Ҧ Demonstrator Matches Expected System Behavior
Ҧ Verify Design Models
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SI ̧ Design Models

ƴ Loss Model
Å Conventional System            600W (92.6%)
Å Electrolytic-Less MPPB         703W (91.4%)
Å Drive System Efficiency >90% for P0 > 5kW

ƴ EMI-Model
Å CISPR 11 / Class A
Å DM-Noise: PFC Rectifier                @ 288kHz
Å CM-Noise: Inverter                       @ 168kHz

Ҧ In-Depth Model Verification - 103W of Additional Losses to Eliminate 1ltr. of Electrolytic Capacitors
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SI ̧ DC-Link Voltage Ripple

ƴ LF DC-Link Voltage Fluctuations: 35V
Å Caused by Disturbances

Å DC-Link Voltage Ripple matches Simulation

Å Increase CDC= 60ʈF
Å Increase fsw= 24kHz

Ą Efficiency, Power Density or Cost Penalty

Ҧ Analyze Grid Interruption Sustainability

ƴ Delay Time Reduction: 23V
Å Improve Controller Bandwidth

ƴ Feedforward Term: 10V
Å Counteract Motor Magnetization Power
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SI ̧ Short-Term Grid Interruption

ƴ Objective: RidethroughkeepsSystem Operational

ƴ State-of-the-Art: Covered by DC-Link Energy Storage

ƴ MPPB Concept: Lacks any Electrical Energy Storage
Å PFC Rectifier in Idle
Å Inverter Controls DC-Link Voltage (Recuperation)

Ҧ Not Suitable for Extended Grid Interruptions

ƴ Verification: 100msGrid Interruption @ 4.3kW
Å Load Torque «Discharges» Kinetic Energy Storage 
Å Ramp-Up after PLL Synchronization
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SI ̧ Long-Term Grid Interruption

Ҧ Comprehensive Validation of the MPPB Concept

ƴ Battery Operation
Å Traditional Approach would be Feasible
Å Increased Software Development Effort
Å Requires Active Switching between AC and DC Operation

ƴ Employment of Identical Control Structure
Å Verification of DC-Operation at 1.2kW @ 1000rpm
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Part II
Dual-Inverter (DI) Topology
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DI ̧ Topology

Ҧ Investigate Operation to Ensure ▬ ◄ ἥ

ƴ Dual-Inverter Implementation

ƴ Avoids Boost Stage
Å No Boost Inductor
Å No HF Bridge-Legs
Å Power Buffer Required

ƴ Apply MPPB Concept
Å Electrolytic-Less

ƴ Implementation Effort
Å Diodes
Å IGBT Six-Pack Modules
Å Film Capacitors
Å OEW PMSM



23/44

DI ̧ Operation

ƴ Ensure ▬ ◄ ○ ɇ░Ἑ ἥ (Space Vector Representation)

ƴ Case I: ╥Ἔ ○ ἵἩὀ◄ Ȣ○ἑ◄

Å Ensure  ○ ἤ and ○ Ê╥Ἔ

Å VSI 2 Provides No Voltage
Å Zero d-Current Component

ƴ Ensure ▬ ◄ ○ ɇ░Ἑ ἥ (Space Vector Representation)

ƴ Case II: ╥Ἔ ○ ἵἩὀ◄ Ȣ○ἑ◄

Å Ensure ○Ẑ░Ἑ and ○ Ê╥Ἔī○

Ą Select○ ○ ἵἩὀand○ ░᷆Ἑ
Å VSI 2 Provides Required Voltage Difference but No Active Power
Å Non-Zero d-Current Component

Ҧ Performance Analysis


