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Abstract

In recent years, Wireless Power Transfer (WPT) technology has received remarkable attention because of its wide range of applications. To

control the output voltage and maximize the efficiency of the system under variable conditions, primary-side phase shift H-bridge inverter

and secondary-side semiactive rectifier are simultaneously utilized in this paper. The control method is performed on both primary and

secondary sides. Besides, the study suggests a formula to estimate the output power and calculate the tranfer power value needed to supply.

This power controller uses phase-shift modulation method to help the system achieve maximum efficiency. A 2.5 kW WPT system was built

in the laboratory to verify the proposed method. A stable 400 V on the load is achieved with 2.3% control error, and the transfer efficiency is

improved up to 90.9%.

Keywords: wireless power transfer; double-sided LCC compensation; semi-bridgeless active rectifier,; voltage control; im-

proved transfer efficiency

Tém tit

Trong nhiing ndm gin déy, cong nghé truyén dién khong day nhén
dugc rat nhiéu sy quan tim béi tinh tng dung cao. Dé diéu khién én
dinh dién 4p ra tai va ning cao hiéu suit cua hé théng, nghién ctru
nay st dung phuong phap diéu ché dich pha bo nghich luu phia so
cép va bd chinh luu tich cuc phia thir cdp. Phuong phap diéu khién
dugc thuc hién & ca hai phia so va thir cip. Ngoai ra, nghién ctru chi
ra cong thirc udc lugng cong sudt trén tai, gitp tao ra gia tri tham
chiéu cho bo diéu khién cong sudt truyén, tir d6 ning cao hiéu suét
truyén cta hé théng. Mot hé théng truyén dién khong diy cong suit
2.5 kW dugc xdy dyung trong phong thi nghiém. Cac 1y thuyét duoc
kiém chimg bing mo phong va thuc nghiém. Két qua, dién ap trén
tai dwogc On dinh bing 400V trén tii véi sai 1éch 2.3% va hiéu suat
truyén duoc nang cao tdi 90.9%.

1. Giéi thi¢u

Nhing thap ky qua di chimg kién sy phat trién manh mé trong
cong nghé tao nén cac phuong tién chay d1en nho sy than thién
v6i moi truong. O d6, cong nghé truyén dién khong day
(WPT) nhéan dugc sy quan tam rat lén. WPT duoc khai thac
trong mot loat cac ing dung nhu trong y sinh, trong xe dién
cling nhu ung dung tu dong hoa trong cong nghiép [1], [2],
[3].

O h¢ théng WPT, nguon dau vao céch ly voi tai vé mit vt Iy,
dién ning duoc truyén nho hién tuong cam ung dlen tur gitra
hai cuén day Khong glong nhu may bién ap c6 101 sat tir, giita
cudn truyén va cudn nhan 0 hé thong WPT tdn tai khe ho
khong khi 16n, 1am gidm h¢ s6 két ndi va tang gia tri dién cam
10, ddng nghia véi ting cong sudt phan khang. Do d¢, hiéu
suat hé thong rat thap. Dé triét tiéu gia tri dién cam ro nay,
nhiéu ciu trac mach bu da duoc dé xuét, trong do cAu trac
LCC hai phia ndi bat v6i nhiéu wu diém [4]. Thtr nhét 1a tAn
$6 cong huong va dong trén cudn truyén khong phu thudc vao
tai va hé s6 két ndi. Thir hai 1a gi4 tri cac tu bu nho, nhd do
giam kich thudc va chi phi hé thong. Tuy nhién & tin s6 cong
huong, cau trac LCC cho déc tinh diu ra 1a ngudn dong, do
d6 dién 4p dau ra s& thay dbi theo gid tri tai. Vi vay & cac ing
dung can dién ap dau ra cd dinh, viéc diéu khién 6n ap 1a vo
cung quan trong.

Mot $6 nghién ctru trude day da su dung bd nghich luu phia
so cip di diéu khién thanh cong dién ap ra tai [5], [6]. Tuy
nhién trong truong hop nhiéu tai khac nhau hoat dong déng
thoi, phwong phap kha thi 1 didu khién phia thi cap. Theo do,
mot s6 nghién ctru da st dung mot bo bién déi DC-DC dat
phia trude tai dé didu khién dién ap dau ra [7], [8]. Viéc lip
thém mot bo bién dbi vao hé thong thuong khong duoc
khuyén khich do giéi han vé khong gian, chi phi va tang ton
hao néng lugng, kéo theo hi¢u suét hé théng giam. Hon nira,
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b6 chinh luu diode, bo bién d6i DC-DC va tham chi b bu
phan khang c6 thé dugc thay thé bang bo chinh luu tich cuc
khién cho viéc diéu khién bén thir cdp dugc quan tim hon.
Mot bo chinh luu ban tich cuc duge dé xuit sir dung trong
nghién ctru nay. Uu diém ndi bt ciia cdu tric chinh luu ban
tich cuc 1a thiét ké don gian va higu suat cao. Viéc tim dugc
mé hinh chinh x4c cta cdu tric chinh luu ban tich cuc 1a vo
cing quan trong dé thiét ké ra mot by diéu khién tSt. Mot
phuong phap mé hinh hoa tin hiéu nho dugc dé xuat trong [9],
nhung md hinh nay khéng thé hién dugc tinh dong hoc hé
thdng vi gia thiét nguon AC Iy tuong dé don gian hoa viéc
phan tich.

Bén canh d6, mot van dé can duoc wu tién hang du trong hé
théng WPT chinh 14 hiéu suét. Nhin chung, hiéu suét ctia cac
hé théng WPT con th?ip. Néu hiéu suét cua hé théng WPT dat
cao so voi hé théng truyén dién c6 day thong thudng, day sé
1a mot budre tién 16n gitp cong nghé WPT ngay cang pho bién
hon. Tuy nhién, cac nghién ciru chi méi dung lai ¢ nhiém vy
6n dinh dién ap ra tai, trong khi viéc nang cao hi¢u sut truyén
ctia hé théng lai chua dwoc xem xét [10]. Didu nay khién cho
viéc ing dung cong nghé¢ WPT tro nén kho khan hon.

Trong bai bao nay, mot phuong an hoan chinh dé xay dung
mot hé théng WPT duoc dé xuét véi kha nang on dinh dién
4p ra tai va dam bao hiéu suat dugc giit & mic cao. M6 hinh
mach bu LCC hai phia va cAu trtc chinh luu ban tich cuc duoc
phan tich chinh x4c dé tir d6 thiét ké bo diéu khién PI 6n dinh
4p ra tai. Thém vao d6, mot cong thirc dé wdc luong cong suit
tai dugc chimg minh. Qua khao st chi tiét, cong suét truyén
tham chiéu ung voi cong sut tai tai hiéu suét tbi da duoc dua
vao bo diéu khién cong suit sir dung phwong phap diéu ché
dich pha bd nghich Iuu & phia so cap. Tir d6 dam bao hiéu suit
truyén luén duoc giit & muc t6i da. Két qua, dién ap 6n dinh
400 V trén tai voi sai léch 2.3 % va higu suat truyén dugc nang
cao lén t61 90.9 %.

2. Déxuiat

2.1. Céu tric hé théng
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Hinh 1: Ciu tric h¢ théng
Bing 1: Gia tri théng sb mach
Thong sb | Kihitu | Giétrthiét ké
Dién ap mot chidu dau vao nghich Iuu Vin 310V
Dién ap mot chidu diu ra chinh luu Vo 400V
bién 4p sau nghich luu Usp 279.1V
Dién ap ra trude chinh luu Uap 282.84V
Cong suat P 2.5kw
Dién cam hai cudn day Ly, L, 0.11 mH
Hé sb hd cam k 0.25
Dién trd clia cudn day R 0.15Q

bién cam mach bu L¢i, Ley 58.8 uH
Tu bu ndi tiép C1,C, 0.3 uF
Tu bu song song Cr1,Crp 0.27 uF
Tén s6 cong huong fo 40 kHz
Dién tro tai R, 64 Q- 640 Q

Hinh 1 14 c4u tric ciia hé thong. Ph1a s0 cép, cac MOSFET Qi
+ Q4 tao thanh b6 nghich lwu ciu mot pha tao ra ngudn xoay
chiéu tin sé cao thong qua mach bu LCC (gdm dién cam bu
L, tu bu song song Cri, tu bu ndi tiép C:) va dua t6i cudn day
so cap Li. O phia thir cap, cuon day thtr cdp L, cam ung dugc
mot dién 4p xoay chidu tin sb cao, qua mach bu LCC (gom
dién cam bu Lp, tu bu song song Cp, tu bu ndi tlep C,), dua
téi bo chinh luu ban tich cuc gém hai diode D;, D, hai
MOSFET Qs, Qs va truyén téi tai. Trén Hinh 1, Vi, Vi 12
dién ap dau vao mot chiu va dau ra xoay chidu cta bd nghich
luu; Vb, Vo l1a dién ap dAu vao bd chinh luu tich cuc, dién ap
trén tai; 1y, 12 1a dong dién trén cac cudn day truyén, nhan; i,
iLp 14 dong dién trén cac cudn ddy mach bu phia truyén va
nhén; Ry 14 trd khang tai.

Mach bu LCC dugc lya chon thiét ké cho hé théng nay. Cac
thong s6 cua mach bu dugc chon dé cdng hudng véi nhau &
tan sb fo. Mdi quan hé cua céc thong $6 mach bu duoc biéu
dién trong biéu thirc dudi day:

1
LyCp=—
0
1
01 (1)
L —-L
T
1
L —-L
P wic
Véi:
L,=L,,;C,, =C,,;C, =Cp;0,=2nf, 2)

Mach bu LCC duoc thiét ké cho hé théng WPT cong suét
2.5kW. Tan sb cong huong 40 kHz duoc chon cho cac tng
dung WPT tinh cong suit nho nhu xe dap dién, AGV... Céac
tinh toan nay dua trén gia thiét, khi bit diu qua trinh truyén
dién khong day b nhan duoc can chinh thing huéng VO‘l bd
truyén. Do do, trong nghién ctru nay khong xem xét vin dé
1&ch bén. Cac gié tri cua cac thong s6 cho hé thong thiét ké da
duoc tinh toan va thé hién trong Bang 1, ké thira nghién ctru
trude do [6].
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Hinh 2: So dd twong duong phia thir cip
2.2. Diéu khién 6n dinh dién 4p ra tai
2.2.1. Nguyén tic hoat djpng

Thyc hi¢n diéu khién bd chinh luu ban tich cyc phia thir cép
de diéu khién 6n ap tai. D€ don gidn trong phan tich, bé qua
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ndi tré ctia cac phan tir mach, coi cac van ban dan 1a 1y tuong
va dong cit ¢ tan sb cong huong. So do tuong duorng 0 phia
thir cap dugc biéu dlen trén Hinh 2, trong do6 phia so cap dugc
thay thé bang ngudn xoay chiéu vie:

= oMl sm(a)t) 3)

V01 s 1a tn s chuyén mach, 7; 1a dong dién tren cudn day
truyén L, M 1a dién cam hd cam glua cudn truyén va nhan.
Hinh 3 1a dang tin hi¢u diéu khién Qs1, Qs2 va séng dién ap,
dong dién dau vao va dau ra cua bd chinh luu ban tich cuc.
Qs1 va Qg dugc mé léch pha nhau 180° tuong tmg v6i huéng
am va duong ciia dong dién izp. Do dic tinh ddu ra ciia mach
bu LCC 1a ngudn dong nén khong dugc phép ngén mach, vi
véy duty cua hai van phai 16n hon 0.5. Bon ché d6 hoat dong
ctia chinh luu ban tich cuc dugc biéu dién trén Hinh 4.

Ché d6 1 [0 < ot <0:]: Tai 0, m& Qx, dong dién iz chay theo
chidu dwong qua Qs va Qsz, ning lwong khong dwoc truyén
tdi tai. Do do, dién ap diu vao cua bd chinh luu v, va dong
dién dau ra ciia bo chinh huu i; biang khong va ning luong da
duoc nap trong ty dién Co dugc cung cp cho tai.

Ché d6 2 [6) < wt <6,]: Tai 91, dong van Qsl, dong irp chay toi
tai thong qua D; va Qsz Vab bang dién ap dau ra va i; bang izp,
ning lwong dugc truyén dén tai. Nguyén tic hoat dong cua
ché d6 3 va ché do 4 twong tu nhu ché d6 1 va ché d6 2.

A < 2nd 5
Vo < >
Al 2nd N ot
VQsZ
. A ot
ot
i A
Vab A LYo ot
< > < > ot
| |21(d-0.5); 2m(1-d) vy

6o 0, 0, 03 04

Hinh 3: Céc dang séng chinh cta céu tric mach bt LCC hai phia v6i chinh
Iuu ban tich cuc

b) Ché dj2

©) Chédj3 d) Ché dj 4

Hinh 4: Céc ché d6 hoat dong ctia mach chinh luu ban tich cuc

2.2.2. Mo hinh hod hé théng mach bu LCC hai phia voi by
chinh lwu ban tich cuc

Ap dung luat Kirchhoff, cac phuong trinh cén bang ap va dong
ctia mach twong duong trén Hinh 2 dugc biéu dién nhu sau:

o=, 2 e, (0 @
di, (t)
=2, () s
i ()=, el ©
dv, (t)
i, (t)—i%( =C, ;t (7

io(t):[n " J-COM+LVCO (¢) (8)

R, d R,
R, . R
v, (1) = RC +Lr i (1)+ 2 ir ve, (1) )
L c L c

T4t c& cac van hoat dong & tan sb cong huodng, dong dién va
dién ap cua mach bu cé dang gan hinh sin. Bang cach xap xi
diéu hoa thu duoc:
ve, (£) = Ve, (¢)sinet +v,  (t)coswt
Ve, (t) =Ve,,.s

iLz (t) = iLz,x (t)sul a)st—‘riLz,c (Z)COS a)vt

(10)

(t)sinmyt +v% (t)cosat

(11)

i, (t)=i, ,(t)sineg+v, (t)cosmr

O day, chi s6 dui s va ¢ dai dién cho cac thanh phan sin va
cos trong Ung. Pao ham hai vé cua hé¢ phuong trinh (10),
(11), thu duogc:

dve (1) [ dve. (1) . dve,.. (1)
T:[T—wwvczv(,(t)]smw\t+[ ” +wvv(w(1)]cosa}5t (12)
dvc/z (t) — [dv('/ﬁ-\ (Z)

@, (1)
o ;it oV, (1) |sinet+ #ers.vcw(t) cos@,t

diL;t(t) :[d[“d';(t) —wi,, (t)Jsinwvt+[diLl;t(t) + o, (t)]coswvt (13)
diL’zi(t) _[diL“’x (* —wd (l)Jsma} t+[dlLdl(t)+(u i (t)]coswvt

dt

Str dung ham mo6 ta m¢ rong (Extended Describing Functions
- EDF), c4c phan tir phi tuyén dugc x4p xi thanh thanh phin
mot chiéu va thanh phan song hai co ban. Hinh 3 cho thy, khi
c6 dong i thi vy, = Vo, huéng cia ve, gidng véi hu0’ng cua 1.
vap cO dang phi tuyén nhung c6 tinh chu ky, xap xi va bang
chudi Fourier mé rong thu duoc:

v (1) =1, (iszys,iL/z,C,vC",d)sma)t+f2(L ol eV, ,d)coswt(14)

Véi fi, f51a ham EDF cua thanh phan sin va cosin:
2
fl(iL ol Ve ,d) s {l - cos(27rd)) sm(27zd)} (15)
fa fa 0 ler

4 L/:

sin (27rd) 3
Ly,

AR d) = 2vg, | i,
2\ Ly oty e Ve, 4 ) = -

ZL’;"C(I - cos(271'd ))} (16)
a ZL/2
Trong do:
+i (17)

i, =i
Ly Thpos
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Xép xi is bang chudi Fourier mé rong thu dugc phuong trinh:

i
()= £ (1 ot o) =2 (18)

Thay cac phuong trinh (10)-(14) va (18) vao cac phuong trinh
(4)-(9), thu dugc cac phuong trinh dudi day:

(l—cos(27rd))

d
secs dt 2 S'7,’+vC2,S+vaZ,S (19)
= s t 2 \. L8 + VCZ,C +vaz ,C (20)
ve, . =L, l;t ~L o, + 2:: {l (1-cos(2d )~ sm(Z/rd)} 1)
p (22)
dv,.
Ls G, — -G, Cy.c (23)
L,c CZ o2 + CZCU.YVC s (24)
VC/z X3
I, L .s ATy _C/'z DVe, e (25)
. . chz ¢
le,c _IL/Z,C = C/2 dt +sz wvvc&,s (26)
iL, r. dve (t) 1
—(I-cos(2zd))=|1+—= |.C,—>—+—v,. (¢ 27
2 (1-cos(27d)) [ RLJO i TR0 @)
R R
22 (1-cos(22d) )+ ——L—v,, (28)

Yo 7r(RL+rC) R, +7,

M5 hinh tin hiéu 16n bao gom ca thong tin trang thai 6n dinh
va tire thoi. O trang thai 6n dinh tinh, cac bién trang thai khong
thay doi theo thoi gian. Do d6, cho céac thanh phan dao ham &
phuong trinh (19)-(28) bang khong, mé hinh tin higu 16n thu
duoc nhu sau:

A\'S X&‘S = U\'S (2 9)
o Lo 1 0 0 0 1 0
L 0 0o 1 0 0 0 1
0 0 0 0 KK,  KKA+LQ 1 o | (30)
0 0 0 0 -KK-LQ KK 0 1
AT 0 0 co 0 0 0 0
0 1 cQ o 0 0 0 0
10 0 0 -1 0 9
0 1 0 0 0 -1 <9 0
i . T
X :|:[L_),s ILZ,c V(72,(‘ ch,x IL/Z,S IL/Z,C Vc/z,s VC/Z,(‘:| (31)
U,=[oM, 00000 0 0] (32)

Trong d6, cac hé s6 K, + K 3 duge dua ra ¢ phan phu luc.
Tuyén tinh hoa mé hinh tin hiéu 16n bang cach xem xét cac
bién tin hiéu nho tai diém lam viéc 6n dinh, cac bién trang thai
¢6 thé biéu dién nhu sau:

x=X+x (33)
O day ky hiéu in hoa 1a gié tri tai diém lam viéc, ky hiéu mi
“~ biéu dién tin hiéu nho thay dbi. M6 hinh trang thai cua dbi
tuong tuyén tinh hoa tim duoc nhu sau:

B _ i
dt (34)
$ = Ci+Di

R . T
Veras Verae  Veo J (35)

x:|:lL2,s oe Vere Vers Viers e

0 Q, -1/L, 0 0 0 -1/L, 0 0
-Q, 0 0 -1/L, 0 0 0 -1/L, 0
1/c, 0 0 Q, 0 0 1 0 0
0 1/c  -Q, 0 0 0 0 0 0
A=| O 0 0 0 -K,-K, K,+K,+Q, 1/L, 0 K, +K,
0 1 -GQ, 0 0 0 0 1/L, -K,-K,
1 0 0 0 -1 0 0 Q, 0
0 1/C, 0 0 0 -1/C, -Q, 0 0
0 0 0 0 K, K, 0 0 K, |
(36)
M
Q(,(I } 0
LZ
Q1 | 0
Q.. 0 (37)
7QnV(1.‘ 0
B= :
QI . K, +K,
QUIL, =Ky = Ky
Q. . 0
-V, 0
0 K, ]
C=[0 0 00 K,, K, 0 0 K] (38)
D=[0 K] (39)
R R AT
u:[a)m d} (40)
»=[%] (41)

Céc hé s6 K4 +Kus duoc dua ra ¢ phan phy luc.

Do gia thiét hé théng hoat dong cd dinh tai tan sb cong hudng,
anh huong cia nhidu @, dugc bé qua. Gya(s) 1a ham truyén
v6i dau vao 1a duty ciia van va dau ra 1a dién ap trén tai:

A

Gvd(s)zﬁzc(sl—A)*MD (42)
2.2.3. Thiét ké diéu khién
Ve v, V. d v,
! G, >

Hinh 5: So d khéi vong diéu khién dién 4p

Hinh 5 14 so d6 khdi vong diéu khién dién ap dau ra, voi G.(s)
1a ham truyén bo didu khién, F,,(s) ham truyén khau diéu ché
PWM, va H,,(s) 1a ham truyén ctia mach do (gia thiét bang 1).
Ham truyén G,a(s) thu dugc nhu sau:
( )~ —1485.87
1500475
Ham truyén (43) c6 dang khau quan tinh bac nhat, chon b
diéu khién PI dé dam béo triét tiéu sai léch tinh ciing nhu dam
béo tc do dap tmg ctia dién ap ra. Véi myc tiéu thoi gian qua
d6 cua hé nho hon 0.0009 s, tan sd cit s& anh huong dén thoi
gian qua do cua hé thong. Thong qua qua trinh mo6 phong voi
céc tan s cét khac nhau chon tan sd cat dugc chon f,= 1.75
kHz thdéa man yéu cau dat ra. Lya chon d6 du trit pha 1a 71.9°,
b6 diéu khién PI tim dugc nhu sau:

(43)
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1+0.00028s

Gy (5)=—1184.8——

(44)

2.3. Nang cao hi¢u suét truyén ciia hé théng
2.3.1. Co sé diéu khién cong suit truyén

Cong suét truyén cua hé thong dugc tinh nhu sau:
Pug =Vl

Jin
gty =7

o LLy,

KV, (45)
Cong thire (45) cho thay, cong suét truyén phu thudce vao dién
&p sau nghich luu bén phia truyén, do d6 néu diéu khién duoc
dién ap sau nghich luu bén phia truyén s& didu khién duoc
cong suét truyén cua hé théng.

C6 hai phuong phap chinh dé diéu khién dién ap ra sau nghich
luu phia truyén, mot 14 str dung b DC-DC diéu khién dién ap
mot chiéu cp vao bd ngh1ch luu. Phuong phap nay dé dang
dleu khién duoc dién 4p dau vao mong muon giam thiéu sai
$6 cling nhu song hai. Tuy nhién, vi¢c méc thém mot bo bién
d6i DC-DC lam giam hiu suat ciia toan h¢ théng va ting chi
phi. Phuong phap didu khién thir hai 1a phuong phap diéu
khién dich pha b nghich luu. Ngoai viéc khac phuc dugc
nhiing nhugc diém trén, phuong phéap nay chi cin duoc thyuc
hién bang phan mém va dic biét 1a khong thay ddi tin s6 lam
viéc cua hé thdng. Didu nay rit quan trong trong cac bo bién
dbi cong hudng [11].

Hinh 6: M6 hinh déng cét cic van bing phuong phap dich pha

Vpc

'V.
1

9

NN\
LA

72

N’

Hinh 7: Dién 4p dau ra nghich luu ctia phuong phép dich pha

M5 hinh déng it cac van trong mot chu ki dugc biéu dién
trén Hinh 6. Dang dién ap ra cua nghich luu khi s dung
phuong phap diéu ché dich pha dugc thé hién trén Hinh 7. Gia

trg hiéu dung cua dién ap digh pha sau mach nghich luu dugc
xap xi theo song hai bac nhat [11]:

NV ( 9)
—CO0S
V4

Vg = (46)
Tir biéu thirc (46) thay rang, chi can didu chinh dwoc goc 0 thi
dicu khién dugc bién do cia dién ap ra cua bd nghich Iuu, do
d6 diéu khién dugc cong suat truyén.

2.3.2. Uéc lwong cong suit diu ra

Dé diéu khién duoc cong suat dau ra thong qua phuong phap
diéu khién dich pha & phia so cp thi cong suét tai can dugc
udc lugng. Hinh 8 1a m6 hinh mach twong duong cua hé thong.
Trong d6 tai Ry va bg chinh luu cdu ban tich cuc duge quy doi
vé tré khang Z.q dugce xac dinh theo cong thuc sau [10]:
U’
7 - e

e

; = iZRLSiHJ (zD)[sin(zD) - jcos(zD)]

Lf2 _ RMS

(47)

=R +jX,
Tro khang twong duong phia thir cép nhin tir dau vao mach bu
dén tai duoc biéu dién nhu sau:

Z =7, +R+Z, +{z,,11(2,,+7,)}
_ sz?f2 R ; sz?fz
R+X,7 7 R +Xx,7

Do R, » R, nén c6 thé bo qua Ry, biéu thirc (48) c6 thé viét
lai gan dGng nhu trong biéu thirc (49) dudi day.

h (48)

OLn g ey (49)
, . _ .
R+ X ) / R +X,

Hinh 8: M6 hinh mach tuong duong ctia hé théng

Mat khéc, trd khang tuong duong nhin nhin tr cudn day so
cap den tai dugc tinh nhu trong biéu thuce (50):

. . . 2
_JjoMI, _ joM (=joM, | _(eM) (50)
' ]1 [1 ' Zs Zs
Thay (49) vao (50) nhan dugc biéu thirc dudi day:
2 2
Z, = , =R, +jX, (51

f 2
Mit khac, bdé qua tén thét trén mach bu, can bé“mg cong suét
trén cudn day truyén rut ra duoc:

R = Vu leu s COS @ _R =~ PDC -R

P 2 1 2 1

(52)
Trong d6, Ppc 1a cong sudt mot chiéu dau vao bd nghich luu
bén phia cap. Tu cac phuong trinh (47), (51) va (52) rut ra
duoc:

7’ LZ PDC .
" gsin® (7D) MZ Lo

Cong suét nhan duogc trén tai ¢ thé dugc biéu dién nhu sau:

LI_RMS

(53)



(54)

Tu cong thirc (53) va (54) thay rang, thong qua do gia tri cua
cong suat dau vao mot chiéu ciia bo nghich luu phia so cip
Poc, g1a tri hiéu dung cta dong dién cong hudng trén cudn day
truyen ILi_Rys, gia tri hé s0 D va voi gia tri dién ap tai da duogc
dleu khién 6n dinh Vo = 400V c6 thé wéc lwong duge cong
sudt tai bang cong thuc (54).

2.3.3. Diéu khién on dinh cong sudt truyén va ndng cao
hiéu sudt ciia hé thong

Nhu ph?ln trinh bay trong muc 2.3.1, bang viéc diéu chinh goc
0 g(’) the diéu chinh dugc dién &p ra cua nghich luu tir d6 co
thé diéu khién dugc cong suat phia truyén.

92 y - y
90
Sas
2
5 86 1
e \
‘§ \'
@82 [——RL=64 Ohm
It RL=100 Ohm

——RL=250 Ohm
|——RL=450 Ohm
8- RL=640 Ohm

20 40 60 80 100 120 140 160 180
Géc dich pha teta (°)

Hinh 9: Sy phy thudc cua hi¢u sult vao goc dich pha 6 vi cac tai khac nhau

Udc lwgng CS
16i thiéu phia
tru_r?n

» 2] 30 ohd
BDK cong Diéu che »| BBD IPT |

sudt djch pha
Py

Hinh 10: CAu trac didu khién én dinh cong sut truyén

Qua khdo sat v6i mdi trudng hop tai, thay ddi goc dich pha,
hiéu suét ciia hé thdng thu dwoc nhu trén Hinh 9. C6 thé thay
hiéu sudt hé thong trong cac trudng hop tai khac nhau dat gia
tri t6i da 12 93%. Nhu vay thong qua viéc udc luong cong suét
tai theo biéu thuc (54) s& udce luong dugc cong suét truyén tdi
thiéu dé dam bao hé thdng dat gia tri 16n nhét dat 93%.

Céu trc diéu khién 6n dinh cong suét truyén duoc trinh bay
trén Hinh 10. Tur cong suét dat tdi thiéu P; udc lugng duoc,
so sanh v&i cong sudt truyén phan hdi vé, qua bo didu khién
cong suét tao ra gbc dich pha 6 cho khau diéu ché dich pha.
Déi twong diéu khién 1a b bién dbi IPT.

St dung phuong phép nhan dang dé tim ra ham truyén giita
cong suat truyén va gbc dich pha 6 Ham truyén gilra cong
sudt truyén va goc dich pha 6:

5657
G —
( ) s+11.65

Vi muc ti€u thoi gian qua d6 ciia hé nho hon 0.0006s, tan s6
cit s& anh huong dén thoi gian qua do ctia hé thong. Thong
qua qué trinh md phong véi cac tan sd cat khac nhau, tan sd
cit dugc chon f; = 964 Hz thoa man yéu cau dat ra. Lua chon
do du trit pha 1a 54.5%, sir dung cong cu Matlab ta tim dugc bod
diéu khién PI nhu sau:

70.000 Is

(55)

G, (s)= 0,002+ 217

s

(56)

3. Mo phéng va thuc nghiém
3.1. Két qua md phong

Hé thng dwoc md phong bang phin mém PSIM dé kiém
chung hi¢u qua cta phuong phap.

3.1.1. Két qudi mé phéng kiém chirng mach bixt LCC

val o Laro

400
m l l ! | 1 |
. | ~4 I ] | ~
V- |28 I’
Va2  Le2Me
400
m ! ! | ! 1 1
5 ~ \ ~] | |
ol vV 7
Va3 Lo
400
] \ ] T \ |
g — P
Va4 1.Q4*10 []
0 f ; ; 4
a0 | i [ | 1 | f
0 |- = . J | Z I & |t I}
0.02298 0.023 002302 002304
Time {s)
Hinh 11: Dong dién va di¢n ap trén 4 MOSFET Q, + Q4 nghich luu

$9.1_in*10 S9.V_in

0.022 0.02202 0.02204 0.02206
Time (s)

Hinh 12: Dong dién va dién 4p sau nghich luu

Thyc hién mé phong vong ho kiém chimg mach bu LCC.
Hinh 11 trinh bay dang dong dién va dién ap qua cac van cua
nghich lwu. Két qua cho thay, cac MOSFET ciia by nghich luu
da lam viéc & ché do chuyén mach mém ZVS (Zero Voltage
Switching), diéu nay chimg minh uu diém ciia mach bu LCC
gitip dat chuyén mach mém, giam ton that chuyén mach, nang
cao hiéu sut cua hé théng. Pap mg dong dién, dién ap sau
nghich Iuu (u,p, iyz) duoc biéu dién trén Hinh 12. Dang dién
4p sau nghich luu di thu dugc dung vai 1y thuyét didu ché
dich pha. Nhu véy, cau tric khau didu ché dich pha c6 thé st
dung dé tién hanh thyc nghiém.

3.1.2. Két qudi mé phéng vong kin

Thuyc hién md phong vong kin véi yéu cau dit ra 1a dam bao
dién ap dau ra tai dugc giit 6n dinh trong cac diéu kién tai
khac nhau. Ngoai ra, phai dam bao viéc udc lugng tai voi sai
s6 nho dé diéu khién cong suat truyén bam gia tri dat ti thiéu
gitip hi¢u suat truyén tai ciia h¢ thong dat 93%.
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Hinh 13: Dap tng dién ap d4u ra va tin hiéu duty khi Vr=400 V, R =640
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Hinh 14: Cac dang song thu duoc khi V=400V, R =64Q)
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Hinh 15: Dong dién va dién ap trén cac van Qy, Qs, D1, D> cua chinh luu

Hinh 13 dua ra dap ing cta dién 4p ddu ra va tin hiéu duty khi
dién ap dat Vier= 400V, Ry = 64Q). Két qua cho thiy, dién ap
dau ra bam gia tri dat 400V voi sai léch tinh 1a 0.011 V
(0.00275%), d6 dap mach rat nho (c& 0.0061%), thoi gian xac
lap 14 0.0012s, d6 qua diéu chinh 1a 0.49 %. Hinh 14 dua ra
cac dang song thu dugc twong ng. Tir d6, thay rd dugc 4 ché
d6 hoat dong cua h¢ théng trong mot chu ki dong cit cua 2
MOSFET cua bo chinh luu tich cyc phia thir cp. Két qua mo
phong thu dugc dang véi 1y thuyét.

Hinh 15 dua ra dang dong dién va dién ap qua hai MOSFET
va hai diode ctia bo chinh luu ban tich cuc phia thir cip. Ca
hai MOSFET va hai diode déu dat chuyén mach mém ZVS va
ZCS (Zero Current Switching) gitip giam ton that dong cat
ctia mach chinh luu cau ban tich cuc.

Dé kiém chimg tinh chét luong cta b diéu khién, mo phong
vGi 20% tai, két qua trén Hinh 16. Dién ap dau ra bam gia tri
dat 400V voi sai I¢ch tinh 1a 0.0141W (0.0035 %), do dap
mach rat nho (c& 0.0067 %), thoi gian xac lap 1a 0.001613s,
d6 qué diéu chinh 14 0.5 %.
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Hinh 16: Dap tmg dién 4p dAu ra va tin hidu duty véi 20% tai
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Hinh 17: Dép (g dién ap dau ra va tin hi¢u duty khi thay dbi dién ap dt Vier
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Hinh 18: Db thi dap tmg cong suét udc lugng va thuc té trén tai
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Hinh 19: Pép tmg cong suat phia truyén va goc dich pha 0 khi thay dbi gia

tri cong suét dat
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Hinh 20: D) thi cong sudt truyén va cong suit tai khi khéng c6 bo diéu khién
cong suat voi 6 = 130°.
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Hinh 21: f_)é thi dap tng cong suét truyén va cong sudt tai khi co
bd dicu khién cong suat.

402

Hinh 22: Dap tng dién 4p va cong sudt khi phu tai thay d6i

Hinh 17 12 két qua mé phong cua gia tri dién ap tai va tin hi¢u
duty khi gi4 tri dat V. thay d6i tir 300V t6i 400V tai thoi diém
0.02s, va thay d6i toi S00V tai thoi diém 0.05s. Gia tri tai dé &
20% tai dinh mtrc. Két qua, dién 4p ra bam gia tri dat véi thoi
gian xac 1ap xép xi 0.0134s, sai léch tinh bang 0.0258V. Két
qua mé phong trén ching minh b diéu khién dién ap da thiét
ké cho chét luong rit tot.

Hinh 18 1a két qua d4p tng cong suit uéc lugng va cong suat
do trén tai. Cac do thi ctia gia tri cong suat tai wdc luong va
gi4 tri cong sudt tai do theo thoi gian dwoc hién thi trén ciing
mdt do thi dé so sanh. Vi gia tri dt cua cong suat truyén P_ref
duoc ude lwong bang céac thong sé do duge & phia truyén, do
d6 trong giai doan diu — khi hé thong bét dau khoi dong, thong
s6 u6c lwong nay co sai s6 1on. Tuy nhién, & giai doan lam
viéc on dinh, cong suét ude luong chinh x4c, sai ) nho, bing
0.57% so véi cong suét do.

Hinh 19 dua ra dap (mg cong suét phia truyén va goc dich pha
0 khi thay ddi gia tri cong suét dat. Cho gia tri dién ap dit dau
ra thay di tir 350V xudng 300V tai thoi diém t = 0.02s twong
{mg voi viée giam gia tri dat cho cong suat truyén tir 1914W
1én 1406W. Két qua cho thdy, khi thay dbi gia tri dat, & giai
doan lam viéc on dinh, cong suét truyén bam rat chinh x4c so
v6i cong suét dat véi sai 1éch tinh (11W), thoi gian xac lap
0.0078s. Piéu nay ching minh bd diéu khién cong suat da
thiét ké cho chat lugng tbt. Co thé thay cong suét phia truyén

phu thudc vao goc dich pha, diéu nay da chung minh dugc ly
thuyét va céu trac diéu khién dé xuét 1a chinh xac.

Hinh 20, Hinh 21 1 dic tinh cong suét phia truyén, cong suat
tai khi khong c6 va khi c6 bo diéu khién cong suat. Khi khong
¢6 bo diéu khién cong sudt, dat gia tri cua goc 0 = 130°, hiéu
suat ctia hé thong trong truong hop nay bing 89.03%. Khi ¢
b6 diéu khién cong suét hiéu suat dat dugc bé“mg 93.27%. Nhu
vay, khi c6 bo didu khién cong sudt, hiéu suat cua hé thong
dugc nang cao va on dinh nhu mong mudn.

Két qua mo phong kiém chimg dién 4p dau ra va cong suat
clia hé thong khi thay d6i phu tai, gia tri tai ting tir Ry = 64Q
1én 100Q ¢ thoi diém t = 0.028s dugc trinh bay trén Hinh 22.
Két qua gia tri dién ap dau ra dugc giit 6n dinh & mirc 400V,
cong suat dau vao va dau ra dap ung khi thay doi tai, hiéu suat
dat duogc trén 93%.

3.2. Két qua thuc nghiém

Dé kiém ching 1y thuyét va mo phong, so d6 thuc nghiém hé
théng WPT duoc thuc hién nhu trén Hinh 23. Mt mo hinh hé
thong WPT cong suat 2.5kW, khoang cach truyén 4.5cm dugc
xdy dung trong phong thi nghiém nhu trén Hinh 24. Céc cufn
day truyén va nhan sir dung day Litz dé giam ton that xoay
chiéu khi lam viéc & tan sé cao, mdi cuén day dugc quan 26
vong, ban kinh 8.5cm. Cac thanh ferrite PE40 duoc sir dung
dé ting kha nang dan tir. Ty mang polypropylen dugc sir dung
lam ty bu vi tén hao nho va kha nang chiu dong dién cao & tan
s0 16n. Str dung cac MOSFET SIC CMF20120D dé giam ton
that chuyén mach van. Cac két qua dugc do bang céac oscillo-
scope HM02024.

Vi diéu khién
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Mach nguén
cho Driver va
Vi diéu khién
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Mach bit LCC

Pulse

Driver

? Pulse
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‘ 220V AC HC"‘““ i ciu > cong huong |

Hinh 23: So db thuc nghiém ciia hé théng truyén dién khong day

Do dong

Mach nguén cho | 24vpc RMS

Driver va Vi diéu
khien

Do cong
suat

Mach truyén

Cudntruyén vanhan | s

. :

Hinh 24: Hg théng thyc nghiém
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HMOZ2024 (Hw 0x10130001; St 04.522)
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Hinh 25: Xung diu ra ctia vi diéu khién dua vao mach driver cip cho 2 van
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Hinh 26: Dién 4p diu ra trén tai

2020-6-25 18-2:
Auto-Trig. /Cnmp\ete
CHL: 900 MV \HF 100MSa

HMO2024 (HW Ox10130001; SW 04.522)

TB:5us__ T-96ps Refresh

c
A
1
" " P‘ Be
I ) e

| | |
G
| N
D
/ / w0

1
/ A | " i

P 1\ I )
I\ 1 \ 3
\ \ e
LT S \ \ L
\ .
N
Y b ¥

Voltage: (CH1)
¥1:-800.00mMV  V2{-800.00mV aV:0V_
ICHL: 10V f: 40.00kHz Vp+: 1090V

Vpp: 60.00V
RMS: 6,88

Vp+: 3080V
RMS: 2742V

Hinh 27: Dong dién va dién ap du ra nghich luu véi 6 = 180°
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Hinh 28: Dong dién va dién ap du ra nghich luu véi 6 = 162°

Hinh 25 dua ra dang xung cip vao 2 van Qg va Qg véi duty
1a 70%, trong d6 xung cp vao van Qq (dudng mau xanh la
cay) léch pha 180° so véi xung cép vao van Qg (duc‘mg mau
xanh duong). Hinh 26 la dép ting dién ap trén tai, két qua cho
thay dién 4p dau ra 6n dinh véi rlpple 2.3%.

Két qué thuc nghiém diéu khién dang di¢n &p va dong dién
dau ra ctia bo nghich luu khi thay ddi goc 6 nhu trén Hinh 27

ung v6i truong hop goc 0 = 180° va Hinh 28 mg véi truong
hop 6 = 162°. Két qua thyc nghiém cho thiy dong dién va dién
ap sau chinh luu c6 dang gidng mo phong. Van dat chuyén
mach mém ZVS. Nhu vay chimg minh viéc thiét ké by bu da
dat duogc chuyén mach mém ZVS dang nhu mong muén.

Két qua gia tri hiéu sudt thuc nghiém dugc tinh toan thong qua
viéc do gia tri di€n ap, dong dién tirc thoi & doan lam viée on
dinh va ghi lai duédi dang file.csv. Hiéu suét thuc nghiém 16n
nhat dat dugc 90,9% trong truong hop goc 6 = 180°.

4. Kétluan

Bai bao nay da dua ra mot chu triic truyén dién khong day
twong dbi hoan chinh gdm bd nghich luu phia so cép, mach
bu LCC hai phia va bd chinh luu ban tich cuc phia thir cip.
Phuong phap mé hinh hoa hé théng WPT véi mach bu LCC
hai phia va bd chinh luu ban tich cyc duoc trinh bay chi tiét.
Mb hinh nhan duoc phan anh tét tinh dong hoc ciia hé thong.
Trén co sé d6 mot bo diéu khién PI & phia nhan dé 6n dinh
dién ap dau ra duoc thiét ké vong diéu khién. Hon nira, cong
thirc uéc hmng céng suét déu ra gitip tao ra gia tri tham chiéu
cho bo didu khién cong suét theo phuong phap didu ché dich
pha. Tir d6, hiéu suét cua hé thdng dwoc cai thién va giit &
mirc cao. Két qua mo phong va thuc nghiém cho thdy dién ap
ra bam gia tri dat nhanh véi d6 qua diéu chinh cling nhu sai
léch tinh twong ddi nho. Hiéu sudt thyc nghiém 16n nhét cia
h¢ théng dat dugc 14 90.9%.

5. Phuluc

2R

L
K, = ?(1 — cos(2mD)) Al 1
K, =1 —cos(2nD) Al.2
K; = sin(2xwD) Al.3
2V, 12
K, = 22 (1 — cos(2nD)) Al. 4
anzlsz
2Veo 1 I
K5 — Co 'Lf2,s 'Lf2,c sin(2 T[D) ALS
T[szlsz
2Veo 1 I
Ks = M(l — cos(2nD)) Al 6
anzlsz
2V, 12
Ky = ——3">sin(27D) ALT
Lol fr
2ILst
Kg = ———— (1 — cos(2mD)) Al.8
8 T[szlsz )
21
Ky = —22° sin(2 D) Al.9
TtLe I ps
2V, 12
o= M sin(2 D) Al1.10
Ly I3
r2lip2
2V, 12
ZCoL2S (1 — cos(2mD)) Al 11

1 =
T[LfZIEfZ
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2ILst
12 = 2L o0, D) AL12
21Lf2C
Kis = ———(1 = cos(2mD
185 0Ll T Cos@mD) ALI13
Ry ILst
K = = (1 = cos(2mD
Y (R +1)Co Ips (1-cos(2nD))  Al.l4
Ry ILch
Kis = = (1 - cos(2mD _
YT (R, +1)Co Ligo (1 = cos(2nD)) AL1S
1
K,o=—
TR+ 16 Al.16
4Vl
Kip = — 12 sin(2 D) A1.17
LfZIsz
4'VCoIsz,c
Kig = mcos(ZnD) ALILS
4V, 1
K19 = LMCOS(ZT[D) A129
LfZIsz
4V, 1
Koo = — = sin(2 D) A1.20
LfZIsz
2R, 115>
Kar = p 57y ¢, sn@mb Al21
21 (RL+rC)Cosm( D)
rCRL ILst
Kaz = = (1 = cos(2mD
* (R, +1.)Co Iifs ( cos(2mD)) Al.22
TRy ILch
Kas = = (1 - cos(2mD
2 2R, +1)Co Liyz (1—cos(2nD))  Al1.23
R
Koo =y Al.24
RL+TC
21, R 115,
=R 1, Sm@mb A1.25
25 R+ sin(2 D)

6. Ghi nhan

Nghién ctru dugc thuc hién tai APES Lab, B mén Ty dong
hoéa Cong nghi¢p, Vién Dién, Truong Pai hoc Bach Khoa Ha
Noi.

Tai liéu tham khdo
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