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Abstract. Supercapacitor energy storage systems are becoming increasingly popular in
electric railways due to their decreasing costs, great energy efficiency, and long lifespan. This
paper presents a control strategy that optimizes the energy allocation of supercapacitor storage
systems on urban railway lines based on load demand. The objective is to efficiently recover
excess energy from the trains' regenerative braking and allocate the stored energy optimally to
reduce peak load for the rectifier substation. The proposed solution uses a neural algorithm to
predict the traction load demand in a cycle, which determines the energy demand at each time.
Then, the dynamic programming optimization algorithm is applied to find the optimal
working mode and control parameters for the supercapacitor storage station during the entire
period of one cycle. To justify the proposed solution, a model based on the operating
parameters of Lang station on June 24, 2022, is used. The simulation results have
demonstrated that this strategy can optimize the allocation of stored energy and reduce the
traction energy consumption during the day of the station by 6.88%.

Keywords: Urban railway transit, Energy savings, Supercapacitor, Regenerative braking
energy, optimization algorithm.
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Tom tat. Véi chi phi ngay cang giam, kha nang mang lai hiéu qua nang luong 16n, tudi tho
cao, hé thdng tich trit nang luong siéu tu ngay cang dugc quan tam ¢ng dung trong giao thdng
dién dé thu hdi nang luong tai sinh. Bai bao nay trinh bay mot giai phap diéu khién phan b
t01 wu nang luong cua hé thdng tich trir siéu tu trén cac tuyen duong sat d6 thi dya theo nhu
cau phu tai dién kéo trong toan chu ky. Muc tiéu la thu hdi triét dé nang lwong du thira tir qua
trinh hdm tai sinh cua cac doan tau, ddng thoi phan b tdi wu ngudn ning luong tich trix hd tro
giam dinh tai cho tram bién &p chinh luu. Giai phap d& xuit dua trén nén tang thuat toan
noron dy béo nhu cau phu tai dién kéo trong mét chu ky dé xac dinh nhu cau ning luong tai
ting thoi diém. Tiép d6, thuat toan tdi wu quy hoach dong duoc &p dung dé tim ra ché do lam
viéc va thong sé diéu khién tdi wu cho bo chuyén d6i DC/DC thyc hién qua trinh phdng/nap
nang luong cua siéu tu mot cach tdi wu hoa trong toan thoi gian mot chu ky. Mot mé hinh duwa
trén thdng sé van hanh caa tram Lang trong ngay 24/06/2022 dugc st dung dé kiém nghiém
cho giai phap dé xuat. Két qua md phong di minh ching qué trinh phan bé téi wu ning lugng
tich trir va giam muc tiéu thu nang luong dién kéo trong ngay cua tram di 6,88%.

Tw khoa: Tau dién d6 thi, Tiét kiém ning luong, Siéu tu dién, Nang luong ham tai sinh,
Thuat toan toi uvu.

@ 2024 Truong Dai hoc Giao thdng vdn tai

1. PAT VAN DE

Pé giam muc tiéu thu nang lwong va cai thién hiéu suit duong sit dién, ning luong lang
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phi bi tiéu tan trén dién tro ham co thé thuc hién thdng qua viéc ap dung hi¢u qua cac hé
théng tich trix nang lugng (ESS). Cong ngh¢ ESS da tién bo dang ké trong khi gia thanh cua
né ciing giam xudng, khién né tré nén hap dan de su dung trong viéc tich tri nang luong du
thira va dua no tro lai hd tro cac doan tau ting toc. Diéu nay khong chi giam muc tiéu thu
nang lugng ma con gitp han ché lugng khi thai carbon tai ngudn cung cip dién. Hon nira,
nang luong tich trir c6 thé duoc sir dung dé 6n dinh dién ap cua tram dién kéo bang cach giam
cac dinh va do sut dién ap. Ngoai ra, nang lugng du trix c6 thé duoc khai thac trong truong
hop khan cép dé di chuyén doan tau trong diéu kién mat dién.

Céc doan tau d6 thi véi gia téc hdm khoang 0,5 (m/s?) — 1,4 (m/s?) thudong phét ra dong
dién ham tuc thoi rat cao trong qua trinh hdm. Khoang thoi gian ham ciing thuong kha ngan
10 (s) — 15 (s), bai vay mat do cong suit tai sinh 12 rat 16n. Dé thu hdi cdng suat tai sinh hiéu
qua can thiét b luu trir ¢6 kha nang 1am viéc véi dong dién 16n trong khoang thoi gian ngan,
va siéu tu di¢n la mot thiét bi phi hop dap tmg dwoc céc yéu cau nay. Vi cac dic tinh dic
biét nhu tudi tho cao, kha ning nap xa nhanh, dién tré trong nho, mat do cong Suit cao va
phuong phép nap xa don gian, siéu tu dién rat phd hop tng dung dé thu hoi nang luong tai
sinh trong céc tuyén duong sét do thi [1].

Céc nghién ctru vé chién luoc kiém soat cua thiét bi luwu trir ning luong siéu tu dién da
duogc thuc hién trong va ngoai nudc. Trong [2], phuong phap quy hoach phi tuyén duoc st
dung dé xéac dinh cac tham sb dic trung co ban cua thiét bi luu trit nang lugng, va dac tinh dy
bao cua hoat dong chay tau duoc xem xét trong thiét ké, nhung khong c¢6 qua trinh téi wu hoa
cu thé. Trong [3], dudi su lién lac giita cac doan tau va thiét bi luu trir ning luong, chién lugc
diéu khién duoc thuc hién theo luc kéo va gia tc ciia doan tau dy doan dong ning co thé tai
sinh t6i da cua thiét bi luu trir nang lwong. Trong [4], mot chién luge diéu khién vong kin kép
cua dién ap mang dién kéo va dong dién siéu tu dién da dugc dé xuat, va phuong phap thiét ké
cac thong sé diéu khién da dugc dua ra, nhung ciing bé qua anh huong caa hang sé thoi gian
cua siéu tu dién.

Do khuyét thiéu cua chién luoc diéu khién vong kép dién ap, nhiéu nha nghién ciru da dé
Xuat chién luoc diéu khién ba vong va diéu khién théng minh dya trén cac muc tiéu khac
nhau. Trong [5], mét bo diéu khién dong cong suét thiét bi luu trit ning lugng duge dé xuat
xem xét dién 4p mang dién kéo va trang thai phong nap cua siéu tu dién. Tuy nhién van dé ton
tai cua nghién ctu la tao ra dao dong di¢n ap lon trong hé thong cung cap. Trong [6] dya trén
md hinh ton that va nang luong chuyén dong caa doan tau, chién luoc diéu khién nap va xa
dugc dé xuat dya trén tbc do doan tau va dam bao rang trang thai nap cua siéu tu dugc khoi
phuc V& gia tri ban dau sau khi doan tau dén ga. Trong [7], dé giam cong suét tiéu thu caa
tram dién kéo va giam ton that duong day mang DC, gi4 tri hiéu dung cia dong dién dau ra
dugc giam xudng. Giai phap diéu khién duoc dé xuat trong [8] s& tu dong diéu chinh dién ap
ngudng nap cho siéu tu thdng qua dir liu vi tri va cdng suat theo thoi gian thuc cia doan tau.
Thong qua viéc diéu chinh cong suat nap caa hé théng luu trit nang lwong, thiét bi luu trix
nang lugng hoat dong & trang thai ti uu va co thé dat dwoc muc sir dung ti da dung luong
cta hé théng luu trit nang luong.

Mot phuong phap diéu khién dugc dé xuat bai Alnuman [9] dé quan ly trang thai 1am
viéc cua hé thdng tich trir siéu tu trong céc tinh hudng van hanh doan tau. Muc dich cua
phuong phap duoc dé xuat 1 ngin hé thong tich trir dat &én giéi han trong qua trinh 1am viéc
dé giam ton that nang luong, giam cong suat dinh cua tram dién kéo va ting cudng kha ning
tan nhiét. Mot chién luoc khéac vé quan 1y ning luong tich trix trong siéu tu dién sir dung bo
diéu khién logic mo da dugce dé xuat trong [10]. Chién luoc nay thuc hién kiém soat mic
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nang luong luu trit trong siéu tu di¢n, trang thai phong nap va dong di¢n phong nap tuong ung
v6i cac trang thai van hanh cua tuyén duong sat. Trén co s& may hoc, mot chién lugc quan Iy
ning lugng khéac dugc dé xuat trong [11]. Trong nghién ctru nay, hé thdng quan 1y ning luong
dugc chon lam déi tuong (agent), h¢ théng cung cip ning luong dién kéo chon lam moi
truong (invironment), con phan thuong (reward) dugc xay dung trén co s& xem xét mic tiét
kiém néng luong va muc sai I¢éch dién ap cua siéu tu dién. Ciing trén co s6 may hoc, Zhang va
céc cong su [12] dé Xuat mé hinh chién lugc diéu khién du doan cong suét dé phol hop duy tri
su can bang cung — Cau ning lugng trong hé théng cung cip dién kéo bao gdom: Luéi cung
cap, siéu tu dién va doan tau. Két qua dwoc minh ching trong céng bd chi ra hiéu suat sir
dung ning lugng ting 20% so Voi chién luoc Kiém soat dién hinh trong diéu kién van hanh
khuyén nghi.

Trong thoi dai cong nghé vi xtr Iy phét trién nhanh va manh mé, két hop véi thuat toén tri
tué nhan tao trong viéc du bao da dat dugc d6 chinh xéc rat cao. Khdng giéng nhu cac cong
trinh nghién ciru da cong bd & trén, cac giai phap diéu khién téi wu déu thyuc hién cho trang
thai hién tai dua trén viéc kiém soat ngudng dién ap ludi tiép XUc tai vi tri lap dat tram tich trix
dé xac dinh ché do lam viéc ciing nhu khong ché dong nang luong phong nap dé dat duoc
trang thai nang luong t6i wu cuc bo tai ting thoi diém. Bai béo nay trinh bay mot giai phap
quan ly phan bé téi uu dong néng lugng cung cap cho tai dién kéo tir hé thong ngudn luu trix
siéu tu dién dua trén sy két hop cua thuat toan du bao va thuat toan tbi vu. Muc tiéu 1a phan
bo tdi vu ngudn ning lugng cua siéu ty phuc vy cho qué trinh giam dinh tai cung cap tir tram
dién kéo trong cac truong hop phu tdi 16n, qua d6 giup giam muc néng luong tiéu thy, giam
t6n hao trong tram va giam sy dao dong dién &p cung cap. Pong thoi thu hoi triet dé nguon
nang lugng du thua do qué trinh hdm téi sinh cta cac doan tau sinh ra ngan ngtra tinh trang
lam dién ap ludi tiép xuc ting cao va gy ton hao trén cac dién tré ham. Giai phap dé xuat dya
trén nén tang thuat toan noron dy béo nhu cau phu tai dién kéo trong mot chu ky dé xac dinh
nhu cau niang luong tai ting thoi diém. Tiép do, thuat todn téi vu quy hoach dong duoc &p
dung dé tim ra ché d6 diéu khién va théng sé diéu khién cho b chuyén doi DC/DC thuc hién
qua trinh phong/nap nang lugng t6i wu cho siéu tu dién. Két qua, qua trinh phan bo nang
lugng dugc t6i wru hoa trong toan thoi gian mét chu ky. Giai phap diéu khién d¢ xuat duoc
kiém nghiém dua trén md hinh théng sé caa tram Lang van hanh trong ngay 24/06/2022.

2. MO HINH CUNG CAP NANG LUQNG DIEN KEO TiCH HQP TRAM TiCH TRU'
NANG LUQNG SIEU TU

2.1. H¢ thong cung cép dién kéo cé tich hop tram tich trir

Hé théng cung cip ning luong dién kéo cho giao thong dudng sit d6 thi duoc cau thanh
boi cac tram dién kéo, ludi tiép xUc (ray tiép xUc), phu tai doan tau, hé théng hdi luu gom ray
chay tau va duong day ndi tir ray chay tau vé tram dién kéo. Vé phuong dién md hinh mach
dién, tram dién kéo duoc mé hinh hda thanh cac ngudn cung cap mét chiéu véi dién ap khong
d6i. Poan tau s& dugc md hinh héa thanh cac nguon dong dién ¢ tri s6 bién thién theo vi tri
doc tuyén duong. Con ludi tiép xUc va ray chay dugc md hinh bang cac phan tir dién tro tap
trung.

Khi trién khai lap dat cac tram tich trir nang lwong cho hé thong thi siéu tu dién duoc ndi
t6i ludi tiép xdc thdng qua b chuyén d6i DC-DC c6 kha nang trao d6i nang lwong hai chiéu.
MOt cach co ban, trong ché do phong nang lugng cap toi ludi tiép xUc, siéu tu dién dugc md
hinh 13 nguon ap. Nguoc lai, tu dién dong vai tro 1a phu tai tiéu thu trong ché do nap ning
lwong du thira tir ludi tiép xtic. Trén co s& do, hé thdng cung cap niang luong cho tuyén duong
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sat khi tich hop tram tich trir nang lugng siéu tu cév thé dqu mo hinh hoa dudi dang mach
dién nhu trén Hinh 1. Trong d6, tram tich trir co thé duoc bo tri tai tram dién kéo hoac doc
theo duong ray (thuong ¢ cac nha ga).

Tram dién kéo Ga Ga Tram di¢n kéo

| ' Rltx+ray l thx+ray Rltx+ray | ! Rltx+ray |

Rltx+ray

Tau

T [ "Module |
Module : . : ‘
didu khién! B « | dodong | BADK
y | cac feeder .
AV e bee—— —
------- —A"‘ '_"_"_"i"__"__"'l\‘_"_"_'
| Module | : Module bp chuyén déi : | Module |
D situty : | haichituDC/DC | : thietbi .
i | | déng/cit |
| i | !
; D i S?f cL
! I :
Co |
! I : | |
| oo |
! I : idc I I
! | I
I I_ ....... . isub ‘#
Thanh cai T 750 VDC '
1
Feeder 1 Feeder 2 Feeder 3 Feeder 4

Ray tiép xic

Hinh 2. So dd cAu trlc tram tich trit siéu tu.

2.2. So' d0 cAu tric tram tich trir siéu tu

V& cau triic co ban cua hé thong tich trir nang luong siéu tu dién bao gom 5 phan chinh
bao gom hé thong siéu tu (s6 luong tu va cach dau phu thudc vao dung lugng va di¢n ap), bo
chuyén d6i nang lugng DC/DC hai chiéu, bo diéu khién cho bo chuyén doi DC/DC, module
do luong dong dién tai cic feeder, va module thiét bi dong cit thuc hién két ndi hé théng tich
trit véi mang dién kéo. So dd ciu tric dién hinh ctia mot tram tich trit nang luong siéu tu duoc
minh hoa trén Hinh 2.

- Truong hop b tich trix 1dp dit tai tram dién kéo, thi sau thiét bi dong cat duoc ndi thing
tai thanh cai cua tram.
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- Truong hop bo tich trit siéu tu lap dat tai céc ga thi sau thiét bi dong cat dwoc néi toi ray
cap dién (ray thir 3) va duong ray chay.

2.3. M6 hinh hoa tram tich trir siéu tu

Siéu tu két ndi vai mang dién kéo thong qua bo chuyén doi hai chiéu DC/DC. Can cir vao
nhu cau tiéu thu caa phu tai dién kéo va muc nang luong hién thoi cua module siéu tu, trang
thai lam viéc cua siéu tu dién sé dugce xac dinh.

Khi tai dién kéo tai sinh ning lugng 1am muc dién ap ludi tiép xtc vuot qua ngudng dién
ap khong tai, ning luong trén ludi du thira, bo diéu khién DC/DC lam viéc & ché o Buck thu
hoi ning luong trén ludi nap vao tu dién. Lic do, nhu trén so @b cau tric Hinh 2, S1 duoc
diéu khién mg con S2 ¢ trang thai khoa, dong dién | tir thanh cai ludi tiép xtc chay qua S1 toi
cuon cam L 1am dong di¢n cudn cam tang 1€n, nang lugng dugc tich 1ty dudi dang tur truong
trén cuon cam. Khi S1 khoa, D2 phéan cuc thuan, va dong dién tur cuon cam L qua siéu tu SC
va qua D2 chuyén ning luong tich trir dang tir truong sang siéu tu, dong dién giam dan.
Phuong trinh mé ta ché do thu hdi nang lugng dwoc md ta nhu cdng thuc (1).

di,

L =FV, -V,
dt
V,, = ivsc 1)
m
idc = misc

Véi F 12 ham chie nang ma/khéa cho van S1, va m 13 hé sb.

Va tuong tu, khi ndng luong Iuu trix trong tu con du 16n, tai dién kéo co nhu cau str dung
thi bo dieu khien DC/DC lam viéc & ché d6 Boot phong dién tir siéu tu cap ra ludi tiep xdc.
Phuong trinh mo ta ché d6 phong nang luong tir siéu tu dugc minh hoa nhu cong thirc (2).

L di,
dt

=V, —(1-F)V,

V, = ivsc 2

m
Ida: = mlsc

Nang lugng cua module tich trir nang luong siéu tu dién dugc tinh nhu cong thac (3).
Trong do6 Psc 1a cong suat tic thoi cia module siéu ty; Vs, isc tuong tng la dién &p va dong
dién cua module siéu tu; Csc 1a dién dung cia module siéu tu.

T T T
E..(t) = [ P (®dt = [V, (0)*i, (t)dt = %csc [NAGL ®3)
0 0 0
Tir d6 nang lugng cua siéu tuy tai ting thoi diém duoc tinh theo cdng thic (4).

E (i+D)=E ()+R (I)*At

At =t(i +1) - t(i) )

3. CHIEN LUQC QUAN LY VA GIAI PHAP PIEU KHIEN

3.1. Chién lwge quan 1y ning lwong tich trir siéu tu

Vé6i mong mudn st dung téi wu nang luong tich trit trong siéu tu trong toan chu ky van
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hanh. Khéng mét tinh tong quat, gia dinh rang dau mdi chu ky ning luong tich lily trong siéu
tu dat mot mac cu thé caa dung lwong dinh mue. Khi d6 dén cudi chu ky dung luong siéu tu
lai tich liiy dén mirc twong tu dé tiéu ding cho chu ky tiép theo. Trong toan chu ky, nhiing
giai doan khi ma tai dién kéo cé gia tri dwong, nang luong Iuu trit trong tu dién sé duoc phan
phdi mot cach pht hop dé hd tro giam dinh tai. Nguoc lai, nhitng giai doan tai dién kéo tai
sinh nang lwong, siéu tu dién phai hap thu hoan toan ning luong du thira trén mang dién kéo.

Hinh 3 minh hoa so d6 ciu triic nguyén Iy caa chién lugc quan 1y va phan bd ning lwong
cho module siéu tu. Can ctr vao dix liéu lich sur thu thap tai cac feeder (dong dién trén duong
day ndi tir thanh céi téi ray tiép xidc) va thanh cai, md hinh dy béo s& udc luong dong dién
phu tai dién kéo nhu cau (lama) trong mot chu ky van hanh (chu ky c6 thé la thoi gian gian
cach van hanh chay tau, hoac cac khoang thoi gian van hanh trong ngay, hoac toan thoi gian
mot ngdy van hanh). Trén co s& dong dién phu tai nhu cau (lama) va cac tham s trang thai do
luong dugc gém dung lugng siéu tu (SOCsc), dién &p thanh céi (Vac), moét md hinh tng dung
thuat toan téi wu duoc st dung dé xac dinh dong dién phong/nap t6i wu cia siéu tu (lsc_dama)
dap ng theo ché do lam viéc téi wu cua chién luge dé xuat. Cudi ciing ap dung bo diéu chinh
thong dung PI s& xac dinh dugc chu ky, d6 rong xung diéu khién b chuyén d6i DC/DC dap
g theo gia tri dong phdng/nap mong muén cua siéu tu.

Dir PN .

" N lamd | M@ hinh xac Isc_dme

lf@“ — Mo hl,n h dinh tham s6 ‘/D Pl - PWM
lich sir du bao . _/

Y tol wu

dong _

dién

thanh

cai SOCsc Isc

Vdc

Hinh 3. So dd ciu truc nguyén ly diéu khién.

3.2. M6 hinh du bao nhu ciu phu tii dién kéo trong mot chu ky

Trong hé théng duong sat d6 thi chay dién mot chiéu, phu tai 16n nhat 1a tau dién co do
dao dong cdng suat tic thoi 16n do dac diém cua nd 1a phu tai chuyén dong, dong thoi nhan
dién song song tir hai tram dién kéo. Do phu tai doan tau 1a phu tai chuyén dong, né phu thudc
rat 16n vao ché do 1am viéc (ché do khoi dong — ting toc, ché do téc do khong doi, ché do
chay da, va ché d6 ham dung) ciia doan tau ciing nhu vi tri ciia doan tau so véi vi tri cua tram
dién kéo. Tir d6 1am cho phu tai dién kéo bién dong nhanh va trong dai pham vi Ién. Thoi
gian dong dién bién d6i kha nhanh, wéc chung khoang 15 gidy téi khoang 60 gidy. Su bién
d6i nhanh caa dong dién trong pham vi rat rong ngoai viéc phu thudc vao tai trong doan tau,
su di chuyén cua doan tau, ma con do su trao ddi nang luong gitra c4c phan ving cip dién tir
cac feeder cuia tram dién kéo. Tir d6 tao nén tinh chat rat phic tap cua phu tai tram dién kéo.

Véi muc tiéu du bao dong dién thanh cai cung cap cho phu tai dién kéo & thoi diém hién
tai, dir liéu can thiét dé thuc hién bao gém dit liéu lich sir ciia dong dién thanh céi (I(bus, t-1),
I(bus, t-2),...). Tir d6 hinh thanh cau trdc lién két mang no-ron than kinh (ANN) sir dung mo
hinh truyén thang nhiéu 16p MLP nhu trén Hinh 4. Phuong trinh mé hinh wdc luong duoc md
ta nhu trong céng thac (5):

I (bus,t) = f (I (bus,t-1), I (bus,t —2),..., 1 (bus,t —n)) + & (5)

Mo hinh ANN duge dé xuat cd tbi thiéu nam no-ron trong lép dau vao, 16p dau ra chi bao
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gém mét no-ron. Bé dat duoc d6 chinh x4c mong muédn, sé lwong no-ron 16p dau vao c6 thé
duoc bd sung trong qua trinh huan luyén, tir d6 sé luong té bao than kinh trong 16p 4n ciing s&
tang theo. O ciu trc lién két mo hinh dé xuat sir dung hai 16p an dé dam bao mé ta chinh xac
tinh chit phi tuyén cua dong dién dong thoi giam thiéu do phuc tap trong cau tric va rdt ngan
thoi gian thyc thi. S6 lwong no-ron trong 16p an chon bang 3/2 sé lugng no-ron trong 16p dau
Vvao.

Dé giam khdi lugng tinh toan va ting tbe do hoi tu, trong cau tric ndy sir dung ham kich
hoat Relu. Céc trong sb cua céc lién két va do léch ban dau dugc sinh tu dong va s& duoc hiéu
chinh cap nhat sau mdi lan ti wu hoa. M6 hinh todn hoc cia ham Relu dwoc md ta bing
phuong trinh:

f (X) = max(0, x) (6)

Ham méat mét chon 1a ham binh quan quan phuong (rms). Thuat toan téi wu hoa ham mat
mat dé xac dinh va update cac trong so cua cac lién két sir dung thuat toan Adam.

W3

W

I(bus, t-1) //’ ‘\kt‘\v Vll;;l;
I ous, +2) A HYES
SRRy g LSKEIN

I - \/ \VAVAW A W)
w7

/
0 AV % XN S
/%@Q"" .ﬁ%p»f%ygo<'.l|ll|"'r
LN LRI L.

I (bus, t-4)

SN & SRR
I AN
, LN RN
(bus, t-5) W 7//,,"“\\\r
G\
Lép dau vao Lép an 1 Lép an 2

Hinh 4. So d6 cau trdc lién két cua mé hinh du béo.
3.3. M6 hinh x4c dinh tham s6 diéu khién t6i wu

Dé xéc dinh duoc tham s6 t6i wu dong dién siéu tu trong ting thoi diem toan chu ky, &p
dung thuat toan quy hoach dong deé toi uu hoa qua trinh phan phoi nang lugng.

Tir so' do hinh 2, mo hinh hé théng dé xac dinh tham s6 diéu khién duoc md ta trong cong
thac (7), voi ‘idmd la dong dién nhu cau phuy tai trén thanh cai, da dugc xac dinh bang moé hinh
du bao nhu cau phu tai nhu trinh bay trong muc 3.2.

loe = Mlge = lgmg — sy

cde _ i, ()
dt
Vdc = lVsc

m

Vé6i muc tiéu 1a téi thiéu héa nang luong tiéu ding cua ngudn cap tir bién ap dién kéo —
chinh Iuu, tan dung toi da nang luong tich iy trong siéu tu dé dap trng nhu cau phu tai trong
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toan chu ky. Ham muc tiéu dugc xac dinh nhu mé ta trong biéu thuc (8).
t=T
J=minE,, =min _[ Vg, *ig,, *dt
t=0

(8)

V6i T la thoi gian chu ky danh gia, Esu 14 ning luong dién kéo ma tram cung cap, Vec 1a
dién &p sau chinh luu, va isub 12 dong dién sau chinh luu.

Mang trung ap 22 kV

Lo2 Lo 1

.473

Lo 2
‘ 472

|

1500 1500 Bién 4

Li1 Ls M2 KVA kV. v
400 V p—t dién kéo
! ! g g $ Dl' D" Chinh lIvu

Cung cap cho tai phi dién kéo 01 202

/- e —
Thanh céai 750 VDC é &
Feeder2 Feeder4 Feederl Feeder3
212 214 211 213

Ray tiép xuc tuyén 1én

Cung cap cho tai dién kéo

————————

Ray tiép xuc tuyén xudng

Hinh 5. So 6 mét soi tram dién kéo Léang.

Pé dat dugc muc tiéu trén, lva chon dong dién siéu tu isc (hodc dong dién cua bo chuyén
d6i DC/DC) lam tham sb diéu khién dé khong ché trang thai nap cho module siéu tu (ché do
buck) hoic trang thai phong dién (ché do boots) bo sung cho tram dién kéo cung cip t6i phu
tai. Hai tham sé 1a dong dién chinh luu tir bién ap dién kéo (isun) va dién &p trén siéu tu (Usc)
duogc lya chon 1am théng sé trang théi cua hé thong.
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Diéu kién dau cua cac tham sé trang thai dwoc gia dinh cho qua trinh tbi wu hoa 1a: isus(0)
=0; Usc(O) = 0-80%Uscmax.
Céc diéu kién rang bugc cho bo thdng sé tdi wu bat budc nhu mé ta bai cong thire (9):

O < Isub < Idmd

Iscmin - Isc - Iscmax (9)

LIscmin = usc < uscmax

Trén co s& cac bién didu khién va céc bién trang thai da Iya chon ciing nhu cac diéu kién
rang budc trong cong thuc (9), p dung thuat todn quy hoach dong dé thuc hién téi wu ham
muc tiéu (8) cho md hinh (7) s& xac dinh duoc ché d6 diéu khién tdi wu cho trang théi
phong/nap cua siéu tu dién, qua d6 co duoc ché @6 phan phéi nang lwong téi wu trong hé
thdng ngudn luu trit nang luong trong siéu tu dién tai cac tram dién kéo.

4. KET QUA MO PHONG KIEM NGHIEM

Dé kiém nghiém Chiéq luge diéu khién kiém soat nang luong da dé xuat, mot mo hinh
mo phong dua trén thdng so cua tram Lang trén tuyén duong sat Cat Linh — Ha Pong. So do
nguyén ly mot sgi tram Lang dwgc mo ta trén hinh 5.

T T I T T T \ | T I
— «— I feederl[]|

2000 -

-------- I feeder2
1500 [~ ====[ feeder3
—+—1 feederd
I bus M

' l | s fa |
! | s A'\/I f! Ex\yi ‘i [ /%i AA ‘5“1 1l'éi.i NP M I’.‘lébAéh iA‘“’ﬂMhmi

&) f -

: LI -l { P
=001 &l ! ! ! | \ \ | | . | ! ! ]
4:45 545 645 7:45 845 945 10:45 11:45 12:45 13:45 14:45 15:45 16:45 17:45 18:45 19:45 20:45 21:45 22:45
Thoi gian

Hinh 6. Dong dién kéo tai cac feeder va thanh céi cua tram Lang ngay 24/6/2022.

1000

n
(=
<

Dong dién (A)

0

'&-:

Tram tich trit siéu tu dién dugc gan truc tiép t6i thanh cai. Trong wng dung md phong sir
dung siéu tu co tri s6 1750 F, dién &p tbi da cho phép bang 750 VDC, dién ap téi thiéu bang 0
VDC va dong nap/xa tbi da cho phep béng 600 A. Gid tri dién dung cling nhu dung lugng cua
module siéu ty trén toan tuyen c6 thé dugc xac dinh dya theo cac phuong phap tham khao
trong [13, 14]. Hinh 6 cho thiy dong phu tai dién kéo ngay 24/06/2022 cua tram Lang tuyén
duong sat Cat Linh — Ha Dong duoc trich Xuat trong hé thong SCADA. Trong trang thai van
hanh hién tai, tuyén dudng sat s6 2 méi van hanh 6 doan tau trén toan tuyén tuong Gng 2/3
muic cOng suat cua ca tuyén. Quan sat d thi dong dién tai cac feeder ciing nhu tai thanh céi
tram dién kéo Lang, dong dién bién thién tir khoang -600 A dén hon 2200 A.

Trén co so cac thong so dong dién lich sir thanh cai, udc luong gia tri dong dién trong
toan chu ky van hanh mot ngay theo mé hinh udc lugng dé xuét. Tap dix liéu huan luyén can
duoc chuan bj du cho cac ngdy dic trung trong mot ndm bao gdém dit liéu dong dién thanh cai
cua ngay thar hai, mot ngay trong gitra tuan, ngay thir bay va ngay cha nhat trong tat ca céc
tuan ciia cac thang caa mot nam. Trong nghién ciu ndy, do mot sé ly do khach quan, nhém
tac gia chi thu thap dugc dit liéu cua ngay 24/06/2022. Dir liéu nay chua da dé huan luyén dé
c6 duoc két qua du bao cho ting ngay trong ca niam, nhung cé thé kiém nghiém dugc do
chinh x&c cia mé hinh du bao trong ngay 24/06/2022, tir d6 c6 co s& dé danh gia tinh ung
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dung cia md hinh du bao dé xut. Dua vao dit liéu thu thap duoc & thanh cai tram Lang ngay
24/06/2022, lya chon sb mau trong qué trinh huan luyén téi thiéu bang 1/4 tong sé mau wéc
luong, tuong &ng & chon cac mau trong thoi gian tir 4h45 dén 8h45. Cac mau con lai tir 8h45
dén 22h45 dugc st dung trong qué trinh test. Két qua dong dién ude lugng theo md hinh dé
Xuit so sanh véi dong dién do luong trich xuat tir hé théng SCADA trén thanh cai minh hoa
tuong ng trén Hinh 7 va sai sb cia mdi mau woc luong Mo ta trén Hinh 8. Quan sat db thi co
thé nhan thay, két qua wdc luong theo phuwong phap dé xuit luén bam theo céc két qua do
ludng thuc té trong toan pham vi mau thi nghiém ca trong giai doan huan luyén va trong giai
doan test. Mdi tuong quan giita gia tri uéc lwong va gia tri do ludng 1én dén 99,997%. Gia tri
sai s6 16n nhat bang 4,9754 (A). Binh quan caa binh phuong sai s (MSE) bang 0,0075917.

Sau khi c6 duoc dong dién dy bao nhu cau phu tai trong toan chu ky, thuc hién thuat toan
quy hoach dong theo chién lugc dé& xuat trén mé hinh md phong thu dugc dong dién téi wu
cua tram dién kéo va cua tram tich trir siéu tu twong (ng véi ting thoi diém dap wng cho cac
y&u cau van hanh trén toan chu ky. Két qua cac dong dién xac dinh duoc nhu mé ta trén do thi
Hinh 9. Quan sat d6 thi ¢ thé nhan thay, trong cac giai doan phu tai 16n (dong dién c6 tri sd
I6n hon 900 A), ning lugng tich lity trong siéu tu dién dugc giai phong cung cap hd tro cho
tram bién &p — chinh luu giup giam dinh tai, giam ton hao trong tram, dong thoi giam do dao
dong dién ap. Bén canh do, trong tat ca cac giai doan dong dién tai nho hon khong déu duoc
hap thu hoan toan bai bo tich trir siéu tu dién, qua d6 giam thiéu hoac loai trir tinh trang 1am
tang dién 4p trén ludi tiép xuc va tiéu tn ning lugng trén dién tro ham.
Rank (‘Jorrelation = ?.99997

2000 = Dong dién do ludng
= = Dong dién udc lugng
g 1500 = -
1000 - -
o]
£ 500 -
&
0
2500 | I | | | | |
4:45 6:45 8:45 10:45 12:45 14:45 16:45 18:45 20:45 22:45
Thoi gian
Hinh 7. Két qua u6c luong dong dién tai thanh céi.
4 MSE = 0.0075917, MAPE = 0.00026445, max err = 4.9754
I I I
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5 | \ | \ ‘ \ l |
4:45 6:45 8:45 10:45 12:45 14:45 16:45 18:45 20:45 22:45

Thot gian

Hinh 8. Sai sb tai mdi mau udc luogng gia tri dong dién dur béo trén thanh céi.
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Hinh 9. b6 thi dong dién.
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Hinh 10. Dong dién va dién &p sau chinh luu.

Hinh 10 va Hinh 11 tuong ung biéu dién d6 thi dong dién va dién &p cua bién ap — chinh
lwu ciing nhu ctia module siéu tu. Véi myc tiéu thu hoi triét d¢é niang luong tai sinh va phan
phdi t6i uu nang lugng trén toan chu ky 1am viéc, module siéu tu dugc diéu khién dé khong
bao gio dat dung luong gidi han, tranh truong hop khdng thé dung nap duoc ning luong
taisinh; dong thoi nang luong siéu tu ciing dwoc kiém soat dé khong o trang thai can kiét toan
bo. Qua trinh phdng/nap va mic do phéng/nap dugc phan bé mét cach tdi wu trén toan chu
ky. Trén d6 thi md phong, gia dinh dién ap ban ddu cua module siéu tu 1a 520 V, twong @ng
dung luong & mic 48%. Bén cudi chu ky dién &p module siéu tu ciing & mac 520 V dé st
dung cho chu ky tiép theo. Viéc gia dinh mot gié tri cu thé ban dau cua siéu tu cd thé bat ky
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(ké ca gia tri 0) thi thuat toan thyc hién, trang thai lam viéc, ché do lam viéc cua module siéu
tu déu ddng dang. Vi vay viéc gia dinh khdng 1am mat di tinh tong quat cho qua trinh xac dinh
thdng sb diéu khién ti wu ciia hé théng. Quan sat trén d6 thi Hinh 10 va Hinh 11, giai doan tir
4:45 @én 7:00, mirc d6 phu tai tiéu thu & mac thap, dong dién tai sinh c6 gia tri 16n va & muac
tan suét 16n, siéu tu chii yéu thuc hién chiic nang thu hoi nang luong, dung lwong ting tir 48%
(mtc ban dau) 1én dén khoang 92%. Giai doan tir 7:00 dén khoang 16:30, cac qué trinh
phong/nap dién ra dan xen va twong t6i can bang. Tur 16:30 vé cudi ngay, dong dién tai sinh
nho va tan suat thap, siéu tu 1am viéc chii yéu ¢ ché do phong ning luong. Viéce tich liy ning
lwong & mot sb giai doan trude di duoc sir dung dé phan phéi cho giai doan cudi chu ky nay.
Trong qué trinh 1am viéc, dién &p cua siéu tu duoc gii han trong dai tir 0 V dén 750 V, va
dong dién 16n nhit khong vuot qua 400 A.
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Hinh 11. Dong dién va dién ap siéu tu dién.

Hinh 12 dua ra do thi mé ta mac tiéu thu ning luong dién kéo theo thoi gian tai Tram
Lang ngay 26/04/2022 trong truong hop khong co siéu tu va truong hop gia dinh c6 b tri
siéu ty va ap dung chién luoc diéu khién da dé xuat. Két thic chu ky 1am viéc mot ngay, tram
Lang cung cip 5233,4 (kWh) cho tai dién kéo trong truong hop khong cé siéu tu, va twong
tng khi c6 bb tri siéu tu thuc hién theo chién lugc dé xuat thi mtc ning lwong bang 4873,3
(kWh). Muc chénh léch sé& 1a 360,1 (kWh), chiém khoang 6,88% tong mirc nang luong dién
kéo cua tram.

Két qua mo phong da minh chimg cho tinh kha thi va hiéu qua cua giai phap dé xuat.
Qua d6 o6 th€ 1am co so tham chieu d€ danh gia hiéu qua ciing nhu d€ lya chon, trién khai
ung dung hé thong tich trit nang lugng trén cac tuyén duong sat chay dién ¢ Viét Nam.

5. KET LUAN

Bai bdo da trinh bay mot giai phép dleu khién quan Iy nang luong cho hé thdng tich trix
nang luong siéu tu trén céc tuyén duong sit d6 thi. Giai phap diéu khién két hop tinh du bao
¢6 do chinh xac cao cua thuat toan noron va tinh tdi wu toan cuc trong thuat toan quy hoach
dong dé xay dung ché do 1am viéc tbi uu ciing nhu xac dinh tham sé diéu khién téi wu cho hé
thdng tich trir. Két qua thir nghiém trén mé hinh mé phong theo thong sé van hanh tai tram
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Lang trong ngay 26/04/2022 di minh chtng cho tinh hiéu qua cua giai phap dé xuét. Toan bo
ndng luong du thira trong qua trinh cac doan tau tai sinh déu dugc thu héi, cac dinh tai trong
dai gi4 tri 16n hon 800 (A) déu giam, va téng nang luong tiét kiém duoc ‘trong ngay khoang
360 (kWh) chiém khoang 6,88% tong ning lugng dién kéo tram di cung cap.
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Hinh 12. D4 thi ning lugng theo thoi gian truong hop c6 va khdng co siéu tu.
TAI LIEU THAM KHAO

[1]. V. Calderaro, V. Galdi, G. Graber, Siting and sizing of stationary Super Capacitors in a Metro
Network, AEIT Annual Conference, Mondello, Palermo, Italy, 2013, IEEE, 1-5.
https://doi.org/10.1109/AEIT.2013.6666809

[2]. Diego lannuzzi, Flavio Ciccarelli, Davide Lauria, Stationary ultracapacitors storage device for
improving energy saving and voltage profile of light transportation networks, Transportation Research
Part C: Emerging Technologies, 21 (2012) 321-337. https://doi.org/10.1016/j.trc.2011.11.002

[3]. Flavio Ciccarelli, Andrea Del Pizzo, Diego lannuzzi, Improvement of energy efficiency in light
railway vehicles based on power management control of wayside lithium-ion capacitor storage, |IEEE
Transactions on Power Electronics, 29 (2014) 275-286. https://doi.org/10.1109/TPEL.2013.2253492
[4]. B. Hu, Z. Yang, X. Huang, J. Shi, Three-level bi-directional DC-DC converter and its control
strategy used for super-capacitor energy storage system, Transactions of China Electrotechnical
Society, 30 (2015) 83-89.

[5]. Ricardo Barrero, Xavier Tackoen, Joeri Van Mierlo, Improving energy efficiency in public
transport: Stationary supercapacitor based Energy Storage Systems for a metro network, in 2008 IEEE
Vehicle Power  and Propulsion Conference, 2008, IEEE: Harbin, China.
https://doi.org/10.1109/VVPPC.2008.4677491

[6]. Flavio Ciccarelli, Diego lannuzzi, Pietro Tricoli, Speed-based super capacitor state of charge
tracker for light railway vehicles, in Proceedings of the 2011 14th European Conference on Power
Electronics and Applications, 2011, IEEE: Birmingham, UK.

[7]. Flavio Ciccarelli, Diego lannuzzi, Ivan Spina, Comparison of energy management control strategy
based on wayside ESS for LRV application, in IECON 2013 - 39th Annual Conference of the IEEE
Industrial Electronics Society, 2013, IEEE: Vienna, Austria.
https://doi.org/10.1109/IECON.2013.6699363

[8]. Zhihong Yang, Zhongping Yang, Fei Lin, Huan Xia, Improved Control Strategy of Energy
Storage System Considering Train Operation States, in 2017 IEEE 20th International Conference on

1387


https://doi.org/10.1109/AEIT.2013.6666809
https://doi.org/10.1016/j.trc.2011.11.002
https://doi.org/10.1109/TPEL.2013.2253492
https://doi.org/10.1109/VPPC.2008.4677491
https://doi.org/10.1109/IECON.2013.6699363

Tap chi Khoa hoc Giao thong van tai, Tap 75, S6 03 (04/2024), 1374-1388

Intelligent ~ Transportation Systems (ITSC), 2017, IEEE: Yokohama, Japan.
https://doi.org/10.1109/1TSC.2017.8317623

[9]. Hammad Alnuman, Daniel T. Gladwin, Martin P. Foster, Thomas Fantham, Adaptive Control
Method to Manage SOC for Energy Storage in DC Electric Railways, in IECON 2019 - 45th Annual
Conference of the IEEE Industrial Electronics Society, 2019, IEEE: Lisbon, Portugal.
https://doi.org/10.1109/IECON.2019.8927602

[10]. Yue Xin, Zhongping Yang, Fei Lin, Feigin Zhu, Research on Energy Management Strategy of
Supercapacitor Energy Storage System in Urban Rail Transit Based on Fuzzy Logic Control, 2019
IEEE Transportation Electrification Conference and Expo, Asia-Pacific (ITEC Asia-Pacific),
Seogwipo, Korea (South), 2019, IEEE. https://doi.org/10.1109/ITEC-AP.2019.8903702

[11]. Zhongping Yang, Feigin Zhu, Fei Lin, Deep-Reinforcement-Learning-Based Energy
Management Strategy for Supercapacitor Energy Storage Systems in Urban Rail Transit, IEEE
Transactions on Intelligent Transportation Systems, 22 (2020) 1150-1160.
https://doi.org/10.1109/TITS.2019.2963785

[12]. Hongjuan Zhang, Fang Zhang, Lei Yang, Yan Gao, Baoquan Jin, Multi-parameter Collaborative
Power Prediction to Improve the Efficiency of Supercapacitor-based Regenerative Braking System,
IEEE Transactions on Energy Conversion, 36 (2021) 2612-2622.
https://doi.org/10.1109/TEC.2021.3074697

[13]. Tran Van Khoi, An Thi Hoai Thu Anh, Optimal supercapacitor placement in an urban railway
line, Transport and Communications Science Journal, 73 (2022) 75-89.
https://doi.org/10.47869/tcsj.73.1.7

[14]. Tran Van Khoi, Bang Viét Phic, Téi uu vi tri va dung lwong siéu ty dién lap dat cho cac tuyén
duong sat d6 thi dua trén nguyén ly tham lam, Tap chi Khoa hoc cong nghé Giao thong van tai, 11
(2022) 32-46. https://www.doi.org/10.55228/JTST.11(1)32-46

1388


https://doi.org/10.1109/ITSC.2017.8317623
https://doi.org/10.1109/IECON.2019.8927602
https://doi.org/10.1109/ITEC-AP.2019.8903702
https://doi.org/10.1109/TITS.2019.2963785
https://doi.org/10.1109/TEC.2021.3074697
https://doi.org/10.47869/tcsj.73.1.7
https://www.doi.org/10.55228/JTST.11(1)32-46

