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» Introduction
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Source: IEA, “Renewable 2023 Analysis and forecast to 2028,” Tech. Rep., 2024.
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» Introduction
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Source: S. Trimberger, “Three ages of FPGAs: A retrospective on the first thirty years of FPGA technology,” Proc. IEEE., 2018.
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» Introduction

Question 1: What is the internal mechanism of multi-sampling PWM?
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Q High-frequency switching harmonics
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S. He, et.al, “Aliasing suppression of multi-sampled current controlled LCL-filtered inverters,” IEEE JESTPE., 2022.
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» Introduction

Question 2: How to enhance control stability using multi-sampling?
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Source: L. Harnefors, et.al, “Passivity-based stability assessment of grid-connected VSCs—an overview,” [IEEE JESTPE., 2015.
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» Introduction

Question 3: How to utilize multi-sampling for condition monitoring?
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Source: S. He, et.al, “A review of multisampling techniques in power electronics applications,” IEEE TPEL., 2022.
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» Multi-Sampling PWM Mechanism
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» Multi-Sampling PWM Mechanism
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» Basic ripple filter design
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Bode diagram of repetitive filters based on eight-sampling (RF: repetitive
filter, SRF: simplified repetitive filter, MAF: moving average filter,

[3]
IRF(2) , IRF: improved repetitive filter).

N
= CMAF(z)(3log, N1-z")-7+8z")~z 4

Lineardelaycompensation

Q Filter design objective: good filtering ability and small delay
» MAF has the best filtering ability but the introduced delay is large;
> IRF introduces similar delay with SRF and better filtering ability.

Source: L. Corradini, et.al, “High-bandwidth multisampled digitally controlled DC-DC converters using ripple compensation,” IEEE TIE., 2008.
L. Corradini, et.al, “Analysis of multisampled current control for active filters,” IEEE TIA, 2008.
S. He, et.al, “Aliasing suppression of multi-sampled current controlled LCL-filtered inverters,” IEEE JESTPE, 2022.
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» Basic ripple filter design
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» Extended ripple filter design with less noise
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Bode diagram of the repetitive filters with a high-sampling rate ( CMAF:
compromised moving averaging filter, IRF: improved repetitive filter, MRF:
modified repetitive filter, f,,=2 kHz, =100 kHz).

O MRF can suppress noise around Nyquist frequency and similar deday with IRF

_:p*““m(z"“ Source: S. He, et.al, “Line voltage sensorless control of grid-connected inverters using multisampling,” IEEE TPEL, 2022.
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» Ripple filter design considering topologies
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Q Only ripple-free current can be acquired with four-sampling

O Multi-sampling rate selection should be based on apparent switching frequency

o Source: [1] S. He, et.al., “Passivity-based multi-sampled converter-side current control of LCL-filtered grid-connected VSCs, ” IEEE TPEL, 2022.
_:s‘" (“0 [2] J. Ma, et.al., “Multisampling method for single-phase grid-connected cascaded H-bridge inverters, ” IEEE TIE, 2020.
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» Ripple filter design considering topologies

COMPARISON AMONG VARIOUS MULTI-SAMPLED CONTROL
METHODS FOR SINGLE/THREE-PHASE CONVERTERS
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U Multi-sampling with MRF can suppress the sampled voltage and current ripple;

L Sampling rate increases with the number of cascaded cells.

Source: [1] S. He, et.al., “Passivity-based multi-sampled converter-side current control of LCL-filtered grid-connected VSCs, ” IEEE TPEL, 2022.
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» Outline
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» Harmonic resonance
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» Passivity-Based Multi-Sampled Converter-Side Current Control
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» Passivity-Based Multi-Sampled Converter-Side Current Control
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» Passivity-Based Multi-Sampled Converter-Side Current Control

VSC-grid interactive stability
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» Comparison with double-sampling damping design
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feedforward should be carefully designed '

Source: S. He et.al., "Design-oriented dissipativity robustness enhancement for current control of LCL-filtered grid-following VSCs," in Proc. APEC, 2023.
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» Passivity-Based Multi-Sampled Grid-Side Current Control

Capacitor voltage feedforward and capacitor current active damping
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With parameter deviation
0 Enhanced dissipativity robustness

O Dissipativity around switching frequency
QO Transient currents during start-up and grid disturbance are suppressed

Source: S. He, et.al., “Dissipativity robustness enhancement for LCL-filtered grid-connected VSCs with multi-sampled grid-side current control,” IEEE TPEL., 2022 (Under review).
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» Passivity-Based Multi-Sampled Grid-Side Current Control

Internal stability design (G, ,(S)i )
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» Passivity-Based Multi-Sampled Grid-Side Current Control

Internal stability design (G, ,(S)i )
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O G,(s) is designed with a proper control bandwidth; Q Limit on LCL-filter resonance frequency
Q Y, (s)/ Y, ,(s) determines internal stability design is removed Dby multi-sampling
proportional capacitor voltage feedforward and

* Yo(s) should be dissipative capacitor current active damping
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» Passivity-Based Multi-Sampled Grid-Side Current Control

Internal stability
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» Passivity-Based Multi-Sampled Real-Time Current Control

Double-sampling real-time-update (DSRTU) PWMI
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» Passivity-Based Multi-Sampled Real-Time Current Control

Enhanced real-time-update (ERTU) PWM using multi-sampling!"!
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» Passivity-Based Multi-Sampled Real-Time Current Control

i, changes from 15 A to -15 A (duty cycle slowly changes to the forbidden region)
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» Passivity-Based Multi-Sampled Voltage Control
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» Passivity-Based Multi-Sampled Voltage Control

Without grid-side current feedforward (GSCF)
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» Passivity-Based Multi-Sampled Voltage Control

With grid-side current feedforward (GSCF)
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» Passivity-Based Multi-Sampled Converter-Side Current Control

With converter-side current, capacitor current feedforward,
capacitor voltage feedforward
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Q LC-filter design limitation is removed
U Not sensitive to filter parameter deviation
O Capacitor current feedforward can be removed using 16-sampling
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» Passivity-Based Multi-Sampled Voltage Control

o> Terien=2 & Without filter parameter deviation
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» Passivity-Based Multi-Sampled Voltage Control

f,<f..in=2 & With -20% filter parameter deviation

100
—— N=2, GSCF, 0.8L,,&0.8C,
——— N=8, CSCF&CCF&CVF, 0.8 L,,&0.8C, g ey ey
Zge AWES
50 i = wﬁ 'Wg Fﬁ VoM
—~ ——=Q— u [_sovm\]
N Y
i :
= 0 :
2 : 5
= : :i 2[20 Aldiv]
-50 ‘.h". .}
5 - ,f%,},‘_..#r 'ﬁ,"”k ‘!— .,*f‘"\ e e
?g[’OAdl\]
-100 : O ] [ BT ) R
0 1000; 2000 3000 4000 R
b Frequency (Hz) Double-sampling GSCF
180 e ' i ‘ 7
H = o, | H
E \Q/I 36.3 @1473HZ ;r\,\ l‘f\\\ ‘./\\ Fal ’f\\, /r\.\ j/\\ 7\ /r\\ !f\_\:
H oSN /N o/ / e gl O o \l
90 ' \>i Vl v \‘/ \/ ¥ VoV \-"/ \§
@ '\ : 1, [250 V/div] : |
=N O TPM=713°@1137Hz 5 ?
(] h A 1
3 ! !
= Hcon[20 A/div] i -
0 1
s;;m‘am Foox o8 o Bk
180, 1000 2000 3000 4000 - e (B [ 2
E|ght sampllng CCAD CSCAD, and CVF
Frequency (Hz)
27-May-24 SLIDE 35

‘ Unlock Potentials of Multi-Sampling in Grid-Connected Voltage Source Converters



» Outline

» Introduction

» Multi-sampling PWM mechanism and ripple filter design
» Passivity-based multi-sampling current/voltage control
» Multi-sampling-based grid voltage estimation

» Summary
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» Multi-sampling-based grid voltage estimation
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Source: S. He, et.al., “Line voltage sensorless control of grid-connected inverters using multisampling,” IEEE TPEL., 2022.
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» Line Voltage Sensorless Control

Start-up control
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di. : :
O Fundamental start-up current: L, o U,, sin(@,t+¢,)—U_ sin(w,f +@,)
dt
O Grid voltage should be known before start-up

— Injecting zero voltage vectors and control VSC as a boost converter

Source: S. He, et.al., “Line voltage sensorless control of grid-connected inverters using multisampling,” IEEE TPEL., 2022.
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» Line Voltage Sensorless Control

Start-up process
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» Line Voltage Sensorless Control

Current reference step response
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» Conclusion

O Application of multi-sampling PWM
» Multi-sampling PWM mechanism analysis
» Ripple filter design
» Multi-sampling rate selection

U Dissipativity enhancement using multi-sampling PWM

» Simplified active damping for current/voltage control
» Enhanced real-time-update PWM with 0.257,, control delay

Q Grid voltage estimation using multi-sampled current data
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