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System Operation: Resources for Ancillary Services

Monthly wind and solar curtailments, California Independent System Operator (Jan 2015—-Jul

2023) o .
rausara megausthous éial Capacity-Based Operational Resources
500

223 ( Load Shifting (Shaving) >

e —
200
100 solar Replacemnt Reserve
0 wind $

2015 2016 2017 2018 2019 2020 2021 2022 2023
ource: Galiforia Independent System Operator t Reserve

Data s

Need more flexible resources Inning Reserve

Secondary

mSec Séc Min Hour Day



Distributed Energy Resources (DERS) ®

e DER: distributed generation (DG) systems (the largest wg -
share now), electricity storage facilities (incl. EVs), - g
managed loads (e.g. demand response, energy
efficiency, indirectly & directly controlled loads)
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DER: Dropping Prices and Improving Performance

Price per Watt of solar photovoltaics (PV) modules (|ogamhm|c axis)
The prices are adjusted for inflation and presented in 2019 U
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Wide Bandgap Power Semiconductors
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1990’s

Electricity Market
Deregulation
Very small DER market

Evolution of Standards —
Increasing Grid Support Functions of DERs

2000 - 2009

Initial Market Growth

Lead: wind energy

2010 - 2019

Accelerated DER Growth
Lead: solar (PV) energy

2020 & Beyond

DER Penetration |
Lead: energy storage/EVs

>

IEEE 519-1992
ANS| C84.1-1995
UL 1741-1999

Compliance with power
system specifications:

Voltage range
Frequencyrange
Synchronization
THD (harmonics)

IEEE 929-2000
IEEE 1547-2003
UL 1741-2010

CSA C22.2 No.107.1-01

+ Safety & protection:

Not to regulate voltage

Anti-islanding

+ Power quality:
THD&TDD (harmonics)
DC injection

IEEE 1547a-2014 & 2018;
IEEE 2030.2

UL 1741 SA & CA Rule 21
CSA C22.3 No.9 (Canada)
EN 50438:'13, EN 50549:'19

+ System support functions:

V & f requlation

V & f ride-through
Power curtailment
Ramp rate

Wider power factor

IEEE 1547a-2020
IEEE 2030.11-2021
IEEE P2800

+ More flexibility/functions:
Interoperability
Communication
Management



Traditional DER Inverters — to be improved ©
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Costs Are an Issue, but Opportunities Exist ®
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Active Power Decoupling: replacing large electrolytic capacitors

Flyback-type Bridge-type Differential-type
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Power Decoupling for PV Inverters @

~
P Opportunities to reduce dc link
v, SNy s, capacitance by 10 times
! L Cb::¥Cb Electrolytic capacitors = Film capacitors
voles | Ul aglk C, Decoupling capacitance 160 uF
cd N (72 = C, DC-link capacitance 80 uF
- L fic Output AC frequency 50 Hz
” () L fo.  Sw. freq. of bridge 20 kHz
Ved (k)—> i r
v (k)L ld(k) i, g sin(an)| J  Sw. freq. of front-end 40 kHz
% EN' i va_ave+£ _|_+ +_V N R
f 3:; B Output filters (grid-side) are still large
N v,

! e de_ref —V, and heavy = solid-state power filters
o | 3




Active Power Filters — replacing passive PF ®
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Control

Shunt Inverter
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Nonlinear Load

Mitigating power quality issues:

* Harmonics

* Reactive power

e Other power quality issues

* Generally used for power systems

—>| Traditional Shunt APF |

N

Grid-Connected Inverter

—>| Connected with LC Series Resonance |
Shunt APFs APF with Injection Circuit |—
I__>| with Tryection Brew —bl Connected with LC Shunt Resonance |
—>| APF Based on One-cycle Control | —>| |
Detecting Load Voltage
—>| Traditional Series APF |—
Series APFs —>| Increasing the Source Impedance |
—>| APF with Connected in Series with PPF | R Based on the Fundamental Magnetic
—>| Combination of Shunt APF and Shunt PPF | Flux Compensatio n
- S ) ] Detecting the Harmonic Current of the
Hybrid APFs |——>| Combination of Series APF and Shunt PPF [ ™| Primary Winding
_’l Unified Power Quality Conditioner | N Detecting the Harmonic Voltage of the
Primary Winding
—bl Inductive Power Filter |
N Based on the Sinusoidal Current -
—>| Resistive APF | Controlled Voltage -source Inverter
—>| Other Power Filters I———Pl DC APF |
Integrated Power Quality Controller in



Two-Terminal Active Capacitors ®
]
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Two-Terminal Active Inductor

m Current control based on internal voltage and current
information of the auxiliary circuit
m Similar impedance with passive inductor in frequency of

interest 100
o 28 mH passive inductor with 0.51J =7 e
T S0 iated inductive energy storage | _eerri.a-m""
: : T ,
% R I S The active inductor with 0.14 J
§ 50k rated inductive energy storage |
The COSt' VOIUme 8 mH passive inductor
and weight are R
80.6%, 68.6 % _
&b L
and70.7 % of the = '*
passive solution, é 90 V/\
respectively. .5
10° 10 10 10

Frequency (Hz)

Source: Haoran Wang and Huai Wang, “A Two-terminal Active Inductor with Minimum Apparent Power for the Auxiliary Circuit,” IEEE Transactions on Power
Electronics, pp. 1013 - 1016, Feb. 2019.



Bridge Inverter with Active Power Filter

lapf Vv — If) 4 Vef —
—d L.

DER and
Converter

Utility
Grid

APF Inverter
Leg Legs

lapf

= Vef Vinv
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General Parameter Value
Grid voltage Vi 240 Vrms
Nominal grid frequency 60 Hz
DC-link voltage Vy, 400V
Switching frequency 10 kHz
Control interval 10 s

Operation Current Reference

18.18 Arms

Parameter of Proposed Inverter

Transformer mutual inductance L, 0.2 mH
Transformer primary-side leakage inductance L, 10 uH
Transformer secondary-side leakage inductance L, 10 uH
Transformer turn ratio NI:N? 1:1
Capacitor ( 4 uF
Grid filter L 0.2mH
Parameter of Reference Inverter
Grid filter L 1.0 mH
Lis 25.00ms 50.00ms 75.00ms 100.00ms

s 25.00ms 50.00ms 75.00ms

100.00ms

[Fo6fz3] 22 1257119.71

B



Solid-State Power Filters

» Significantly reduced passive
5 Bridge Inverter components = PCB-based power
+ : , inductors
3 1 .
4| 4' Solid-State Power Filfer > FaSt dynamlcs
A«ﬂ » Programmable characteristics
Vac (vvwi " » Adaptive to grid parameters
B | 4c  » PCB-based inverters at kW level
S5 < e Grid : £ .
- T o Lowering manufacturing costs
- SOt seand G o Reducing volume and weight
Switct . . . .
e o Improving reliability and life span
R\ /R
Power
Sou{"c'f 5_3| 5_1' i
A i
8]() EES‘I:; ) Power Filter /\/
Ping AC
\ grid
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Active Power
Decoupling

Solid-State
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Solid-State Power Filters — extended functions @)

Bridge Inverter

(&
Solid-State Power Filter

A »
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Q Power Semiconductor

O Switches

vQ

-0.484 P ieq 0.484 B yseq

» Filtering out harmonics — primary SSPF function

» Reactive power control — mitigating power curtailment

» Common-mode filtering ))

» Grid interactions — mitigating power quality issues <= UNB
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Closing Remarks

* DER market is growing, potentially providing more functionality and flexibility for
grid operation.

* New power electronic technologies are being developed for DERs, driven by the
pursuit of high performance and additional functionality
* Passive components are being (gradually) replaced by active power components, which
presents opportunities for WBG, topological and control technologies

 Solid-state power filters may be developed as an integral part of converters with
programmable parameters

* Power converters at several kWs can be manufactured on PCBs with significantly reduced
size and weight
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Thank You Very Much!
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