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Backg ro und / Mo tiva t io n
 Growing  conce rns on non-exhaust p articulate  matte r (PM) emissions

• As exhaust PM are  contro lled , Brake -wear (BW) and  tire -wear (TW) account for an 
increasing  fraction of mob ile -source  PM 

 Potential co-b ene fit o f transitioning  to  EVs in California
• Corre lation of reg ene rative  b raking  ene rg y with vehicle  sp ecs, op e rations, and  

emissions 
• Leve l of b raking  ene rg y d ep end ing  on vehicle  e le ctrification

 Consid e rab le  knowled g e  g ap
• Imp act of d riving  cycle s, b rake  and  tire  te chnolog ie s and  mate rials, and  reg ene rative  

te chnolog ie s on non-exhaust emissions
• Measure  p o tentials o f EV reg ene rative  te chnolog ie s in red ucing  BW emissions
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O b je ctive
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 Measure  Brake  wear PM e missions
 Characte rize  the  e ne rg y re cup e rate d  b y re g e ne rative  b raking  

te chnolog ie s
• Inve stig ate  how re g e ne rative  b raking  te chnolog y is ap p lie d  in EV
• Asse ss the  le ve l of b raking  e ne rg y re cove ry ove r chassis 

d ynamome te r te st cycle s
 Characte rize  BW re d uction p ote ntials from e le ctric ve hicle s

• Exp lore  the  corre lation b e twe e n b raking  e ne rg y re cove ry and  
b rake -wear p articulate  matte r re d uction



Te sting  Facility and  Instrum e nta t io n  
 Running -Loss Sealed  Housing  for 

Evap orative  De te rmination (RL-SHED)
• Chassis Dynamomete r: 
• 48” ro ll, 4 whee ls x 2 motors 

 Hioki Power Me te r
• Batte ry vo ltag e  and  current

 ECU d ata log g e r
• Batte ry current/vo ltag e
• Brake  switch, reg en torq ue , e tc.
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 Real-time  PM and  PN instrument
• EEPS, APS, CPC, DustTrak

 The rmocoup le s for b rake  p ad  temp e rature



Te st  Cycle  Braking  Eve nts
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Phase 1 2 3 4 5 6 To ta l
Cycle Id le Sp e e d -up Slow Down id le NYCC Id le FTP Id le US0 6 Id le
Duration (s) 600 300 60 60 600 60 1877 60 600 600 ~ 1.32 hrs
Distance  (km) 7.2 1.9 17.8 12.9 39.8 km
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ICEV vs. BEV Co m p ariso n  

ICEV: Inte rnal Comb ustion Eng ine  Ve hicle
BEV: Batte ry Ele ctric Ve hicle

 ICEV: 2023 MY, Se d an, 3610 lb s
 BEV: 2023 MY, Comp act, 4080 lb s

BEV PM 2.5 
85% lowe r 
than ICEV 

ICEV BEV



Te st  Ve h icle ’s Braking  Syste m

A se rial reg ene rative  b raking  system with a b lend ed  b raking  ap p roach
 Se rial Reg ene rative  Braking

• The  Electric Motor as a p rimary b raking  force  until its maximum 
reg ene rative  cap acity is reached

• The  friction b rakes eng ag es to  achieve  the  d e sired  d ece le ration
• In most d riving , reg ene rative  b raking  p rovid e s the  majority of 

b raking  force
 Blend ed  Braking  System (friction b raking  + reg en b raking )

• If ad d itional b raking  force  is need ed  (e .g ., hard  b raking , low 
sp eed s when reg en is le ss e ffective )

 O ne-p ed al Driving
• Eng ag es strong  reg ene rative  b raking  when the  d rive  lifts o ff the  

acce le rator, allowing  the  car to  slow d own sig nificantly
• Maximize  ene rg y recup e ration

Te st  ve h icle  d riving  m o d e  w as d e fau lt / b a sic m o d e  (no  e nhance d  re g e n  b raking  m o d e )

C. Qiu, G. Wang, M. Meng, and Y. Shen, 
‘‘A novel control strategy of regenerative braking 
system for electric vehicles under safety critical 
driving situations,’’ Energy, vol. 149, pp. 329–340, 
Apr. 2018

Re g e n  
b ra king

Re a r-w he e l 
frict io n  
b ra ke

fro nt-w he e l 
frict io n  
b ra ke
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 Te st  Ve h icle  :  2 0 2 3  MY, Co m p act, 4 0 8 0  lb s
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Braking  and  Re g e ne ra t io n
 Parame te rs

• Vehicle  Sp eed
• Brake  Switch Status
• Braking  Force
• Braking  Torq ue  O rd e r Leve l
• Actual reg ene rative  b raking  torq ue  ap p lied
• Batte ry Current
• Batte ry Voltag e
• State  of Charg e

 Neg ative  b atte ry current d uring  the  reg ene rative  
b raking  p e riod s

No Actual 
Re g e n Torq ue  
sig nal
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Braking  and  Re g e ne ra t io n

Total Braking  Torq ue   =   Braking  Fo rce * · re ff
 Effe ctive  Whe e l Rad ius (re ff) : ~ 0.324m
 *ECU d a ta

• Braking  Fo rce
• Braking  To rq ue  O rd e r Le ve l
• Actua l Re g e n  To rq ue

 Factors affe cting  Re g e ne rative  Torq ue
• Batte ry State  o f Charg e  (SO C)
• Sp e e d  and  Driving  Cond itions
• Batte ry Te mp e rature
• Braking  Mod e

+  Total Braking  Torq ue *
o   Braking  Torq ue  O rd e r Le ve l* 
·  Actual Re g e ne rative  Torq ue *

Hard  Braking
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 Cond itional Exp e ctation of Re g e n Ene rg y Give n Braking  Force

Braking  and  Re g e ne ra t io n

Mod e rate  
b raking  is most 
re g e ne rative

Max cap acity 
Re g e n b raking

Increasing  share  o f 
friction b rake s



 Major b raking  events @ initial ve locity 30 – 60 km/hr.
 At hig h initial ve locity (> 80 km/h), reg en was le ss e ffective
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NYCC FTP US06

Test Cycles
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Braking  vs. PM Em issio ns
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Sum m ary and  Ne xt Ste p s

 A b atte ry e lectric vehicle  (BEV) was te sted  ove r three  d riving  cycle s on a chassis 
d ynamomete r to  q uantify ene rg y recove red  throug h reg ene rative  b raking  and  asse ss its 
re lationship  to  b rake -wear emissions. 

 Batte ry current and  voltag e  we re  measured  in real-time  using  the  vehicle ’s ECU d iag nostic 
too l and  Hioki p ower me te r. 

 Re g ene rative  b raking  was ap p lied  d uring  most b raking  events across the  te st cycle s, with 
the  hig hest e ffectiveness ob se rved  b e tween 20 and  60 km/h initial b raking  ve locity.  

 Less e ffective  at hig he r initial ve locity. 

 Hig he r PM emissions we re  ob se rved  at low reg ene rative  b raking  p ower. 

 Ad d itional vehicle  te sting  will b e  cond ucted  includ ing  HEVs and  BEVs. 
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