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Abstract

This article presents an approach to enhance the performance of a Hybrid Energy Storage System
(HESS) that integrates supercapacitors (SC) and batteries. The system is based on vibration energy harvesting
using a Regenerative Shock Absorber (RSA), in conjunction with a Regenerative Braking System (RBS),
designed for medium-sized electric vehicles driven by a Permanent Magnet Synchronous Motor (PMSM).
During regenerative braking, an Artificial Neural Network (ANN) functions as the RBS controller, optimizing
the switching waveform of the three-phase inverter power supply. The recovered braking energy is
subsequently transferred to the energy storage devices. Additionally, the SCs coupled with the RSA are
capable of absorbing vehicular vibration energy and converting it into electrical energy, which is also
fed back into the storage system. Experimental results reveal that electric vehicles equipped solely with
either RSA (HESS_RSA) or RBS (HESS_RBS) achieved driving ranges of 134.19 km (13 cycles) and 184.21
km (18 cycles), respectively. In contrast, the configuration integrating both RBS and RSA (HESS RBS RSA)
attained a maximum driving range of 210.13 km (21 cycles). Furthermore, the HESS integrated with both
RSA and RBS improved driving efficiency by up to 56.59% compared to the system using only RSA. This
hybrid system also contributes to prolonging battery lifespan.

Keywords: Electric Vehicles, RSA, HESS, Supercapacitor, PMSM
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1932.37
1000

0 9.38 9.89 10.54 10.65
Speed before breaking (m/s)

10.88

JUT 12 nsifiuifegandsnuneunisiusnluaausan
upne1aY

msssmudwely Tavannislindanuanuunneingn
Taonss ansnsagdeyarfindnlilunsed 2

YBNIINATNABDITINUITalINGI9U Ao
0.11 Alatnddalussodlawns szuu RSA #Sald e
0.11 Alatnddrlusdodlawns denilesounisiud
@slumsvagau fie szazvs 10 Alawes) umneeu
RSA @1311509nenasnulaUsranm 10% voandaany
alunsdud

A19197 2 YoyaT NN mAaDN

anuse | anusa | Ao 4.
, v o | WAswaal | wassuiith
sou dou | gavinevas ) . )
saunauns [navan 4l
negaY | N1SWSN | N1sLusn
wsn (J) )
(m/s) (m/s)
1 9.38 9.33 27,432.39 2150.23
2 9.89 9.77 28,173.12 1932.37
3 10.54 10.47 28,639.28 3542.19
q 10.65 10.58 28,867.77 3120.28
5 10.88 10.75 29,085.24 4153.71

JUT 13 wansni1sdnaesiagn1smaaesiediu
ANUSIarafRINsAeluszezusnd 10.54 Jui
ziuInIsiusnAelueie 10.54 Jundl ISununi
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Speed (km/h)
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o
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3UT 13 MsdnaesuaznisnaaenilfiuauEiLag
nareInTAeluszegiusn 10.54 Jui

90

75

60

45
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JUT 14 MadSguiiguseninnsineuagn1snagey
A0 ULUTEIVDUUALADT

SRR 38.25 Alawmsaedalus nsussdiudl
suflunisiiieUsziiiu SC AouUKAZNAINITLUTA
NAN1391899 LEATINTENINNAITIUINNBUNLILAZ Y
namdndy 10.56 i uwnuArwEaeay 38.25
Alawmssedalus dewusn SC fussulwiiiuaudu
5.72 Taad nansw3suiisunsinuansanuzUseques
LUALABI SIS RDILAY NSNABUTIINUT Tads
nsmianulnalAssives Inedunsnunuasdouriuiu
AaeRt19a1 wandliiiuiuuusaesinauy
annsasiaeamgAnssuvesiunneildegsutiudiuas
fUszansnmgs FeilnaneiadefidmasioUszansam

N8 WU WUUIaREaN1Y AN BSwUALAES
FFAuIn SOC way AEusukazdaulunnaay

100
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60
40
20

Force (N)
o

-20
-40
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160 (v)
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o

-40
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200
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Force (N)
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Amplitudes (mm)
gﬂﬁ 15 91899U59N15052INF1UTULDUNE AV
(M) 3 1. (9) 6 wy. waw (A) 9 uw. Tfaud 1.5,
2, 2.5 Uag 3 1§59

Ul 14 uansmsTeuiiouszninenisdians
LAYNNINARDUANLEUTEUBIUUALABIFE ST UL
msusnlagld SC anuasu Tneduainanuznsmnsa
Fuduil 85.54% WeszuudAunisiusndmiuen SOC
YOIUUAABS SUAUT 97.58%

‘Lug‘d‘ﬁ" 15 (n)~(m) LﬂummamgﬂLLiamiﬂizé’mﬁ
Faadlrdnndansiuseuy RSA ﬁﬁLLamwﬁgm 3, 6 Lay
9 faduns lnefiarsanaiuives 1.5, 2, 2.5 wag
3 18509 NANNTINADILEAILATANIN RSA ASIANMLNDN
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240 [ simulated 55 HESs__RBS_RSA
[ simulated EE HESs__RBS
200 | = simulated E=E3

160
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40
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Driving time (h)

UM 16 szaznstuTveserugustninneld@euluig

CaNt

GRETNT

ﬁm%’uﬁmm%’mmﬁuaxLﬁauLwUf;?q@m Tnslawzagads
Tundvesmsiuazaudangu wssnsiadeudives
viamsiedeuiiLuuimuasdwmisilieglutuisu
uazfisUadudnvazadinrsdmeonnudesvesnad
duiusiuamanduday Judunisussqradiiaves
usdlugauadsemslimaiinesfsnanilvnyauian

Tuguil 16 fimsiSeuifiouszseznanaszozina
Tun3tud (sounsdud) veseusudlnihidndssuy
AAundsauuuleuia Tumsimunfiunneineiu
anunisaldnaesazuiseanluaiuszuy fie seuu
Ffundsnuleuiaililanzigaduusiduasiiiou
(HESS_RSA) szuufinufiundsaulauiadiliianzszuy
WsnkuUIIenasull (HESS RBS) uaz szuuiniiu
wismileusnildfeaesszuu RBS wag RSA (HESS.
RBS_RSA) fedunasuduiiimelagndrasdasnisly
1astuinilaseunsounquszerynaUszanal 10 Alawns
wagldiaUszana 15 Wil Juasaauysel 9nn1s
nAaRanUi1 HESS RSA issegnafiendudldifies
134.19 Alawms (13 sou) Tuvnsedl HESS RBS Fudldidia
il 184.21 Alawas (18 58U) uay HESS RBS_RSA
anansndutligeda 210.13 Alawms (21 s0U) aansn
gleyanisFeuiisuussaniawnsdulfunuise
u 9 uaznsleTgiduudeUss A niiiiuuld
Tum5197 3 wag 4 auddy

A15197 3 WUl usEUURIIAUNG S U UIATER 9

nalnszuuinifundessy | JseBnSamw 81994
SC/Battery 52U RSA 45.00% [25]
SC/Battery 91U RSA 39.46% [26]
SC/Battery 31U RSA 39.30% [27]
SC/Battery 331U RSA 62.00% [28]
SC/Battery $auffu RSA 56.59% il

‘ﬂ' a ¢ Y ! a a
A99N 4 ami’]wmnumaﬂizammw

Uade WUALADS Ne HESS
FuvusD AN genin unans
kwh (Wuegiu

dndn)
ANAIUNTD #in g a4
' v & A o
18-3US0 (UapNiaih))
o1l | ~2,000- | >1,000,000 fAnin
5,000 cycles cycles LUALADIAIUY
Usgdninin | diim (nsg 7 fAnan
. % % 3
reg. braking | SUNAULID
Taile))
dmdn/awe | Uiunans 1an Usulanu
filo

NI 3 uaz 4 AaseRlEmnssuuRuLiy
wFsnuusnnduinagldtosuargaudendnuiiadan
widleriia SC Wlu (HESS) anusaviunduldunniy
fiuszeenng anldindsu annnseaeLunmes vilian
AUNUTTEZE?

4. d3unan1snnasg
unaihiaue s RILsTUUARUN s ULUY
lausa (Hybrid Energy Storage System; HESS) e
LURLMBILaLSLUYSEYBs8 (Supercapacitor; SC) Lile
WiudszEansnmnisvhaureseusudliiawinnans
Faundeushetewesddasiauiindna1ns (Permanent
Magnet Synchronous Motor; PMSM) iwvﬁijﬂl,ﬁumi
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Audemdsnuandesunasddny Wi n1siusnuuy
enaeuln (Regenerative Braking System; RBS)
LLazLLiqé’uazLﬁaumﬂauumuﬁ’aqm%’uLLiqé’uamﬁau
(Regenerative Shock Absorber; RSA)

Tuszruu RBS finslalasaineUsyamdien (Artificial
Neural Network; ANN) Lﬁamuaugﬂﬂﬁumiaé’maq
Sunesimesmulalyivunzanigalunsfiuiien
nasuannsiusnuazaelouldds SC d1msu RSA
finseenuuuszuuldadniiiogadundesiuainuss
Fuazfounasudanfundsnulnidadiulilu sc

IINNANIINAGEY S¥UU HESS #ldlaniz RSA
(HESS_RSA) susudlndiifiszaennanisdud 134.19
Alawns (13 5oUn159UT) vausdiszuu HESS Aldany
RBS (HESS RBS) ifiusvezmanmistuivwdu 184.21
Alawns (18 s0UNSTUT) wagszuy HESS Ainanuis
RBS Waw RSA (HESS RBS_RSA) aansaifisiszeyn1anis
Fuligegeiie 210.13 Alawms (21 s9UMHUT) N1sHENY
RBS way RSA WnAUszUU HESS thefinuszansnm
mstuTveseusudluingda 56.59% e Seuiiiuriy
nsld RSA Wilesethafion wenani szuudiaede
mqmﬂ%mmwmm%" ANANALFINGIU LAz
\fiuUseavsnmnnsdanisndanulaesay vildssuuil
Adnuanlunisiluiauidesealuldmndivduay
nsiuassEmsveusudlnitluouian
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