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Abstract

Due to the limited fossil energy and greenhouse effect, more and more
countries are devoting to development and promotion of renewable energy
sources. Among the various renewable energy sources, solar energy has the
advantages of being inexhaustible and noiseless. Hence, installation of
photovoltaic (PV) power generation systems keeps a rather high growing rate in
recent years. However, the output voltage of the solar cells changes rapidly with
the insolation. Hence, a switching power converter is required as a regulator for
achieving the maximum output power of the PV power generation system. In
this thesis, Cuk converter is adopted because of its step up/down capability and
nonpulsating input/output current feature. However, the inherent current ripple
of switching power converter indeed may cause significant impact on the output
power. Hence, the major objective of this thesis is focused on the further study
of the quantitative output power reduction effect of the input current ripple of
PV systems as well as proposing ripple cancelling techniques to solve the above
dilemmas.

Basically, the contributions of this thesis can be summarized as follows.
First, the power reduction caused by the current ripple of solar cells is analyzed
through an accurate mathematical model. Second, an active ripple cancelling
technique is proposed to eliminate the current ripple of the conventional Cuk
converter effectively. By proper design of an auxiliary circuit, zero input and
output current ripples can be achieved. The proposed method does not require an
extra control and feedback circuit. Furthermore, based on the ripple cancelling
concept, a simple passive ripple cancel technique is proposed. It turns out that
the maximum output power of the PV system can now be fully extracted.
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Third, both DC and AC models of the proposed zero input current ripple Cuk
converter are derived for convenient closed-loop controller design. Also,
simulation results are made to verify the accuracy of the models. Finally, a 90W,
24V~34V input, 19V output laboratory prototype is constructed to verify the
effectiveness of the proposed converter. It is seen that the resulting peak to peak
input current ripple is about 2% of the current ripple due to the conventional Cuk
converter. Furthermore, at 0.8 kW/m? insolation, 50°C test condition, it is seen
that the average output power of the PV array can reach 75W by using the
proposed technique. In other words, this amounts to an increase of 7% averaged

output power as compared with the conventional Cuk converter.

Keywords : Photovoltaic Systems, Maximum Power Point Tracking, Current

Ripple Cancelling
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HEREFSIFL BT AENEPFFE > 4o b i 5 aJ? B (Digital
Signal Processer, DSP)% ji#y#] % (Microcontroller)z. # jiv % #renfe = 12 2
Fibehfe™ o 2 F 35 2 el B fEdo S 7 S BT A % [20-29] -
AR BERE L R TR AR 0 A

(1) % # P § 7 &% (Fractional Open-Circuit Voltage Method)[20][21] -
(2) 4~ #c®:is 7 oz (Fractional Short-Circuit Current Method)[20][21] °
(3) # F:® $27% (dP/dV or dP/dI Feedback Control Method)[22][23] -

(4) # g% % (Perturbation and Observation Method)[20][24][25] -

(5) # # 7 #/# (Incremental Conductance Method)[20][26][27] -

(6) ® %3t 772 (Linear Line Approximation Method)[28][29] -
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(3) # F i 3% (dP/dV or dP/dl Feedback Control Method)
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(4) # % BL% 2 (Perturbation and Observation Method)

PR B N HESFARRE AL EAZ P BAEE L
BB e T koS BN o B 2.6 2 Bl 27 # S HT R
BRW RF BT f B B L 2 Bt L ik
B AUTUR G R A B R R 2 R
Peiootho 4 7 F Bt LA MR AT RE R TR NS IR £ 2
R ER S VIR PR E R 1 0 P S R o SO

it Ll JE iﬁﬁﬁiw‘?ﬁuﬁﬂ%%ﬁiﬂiﬁﬂﬁﬁ’ﬁ
#

f £ pE R A Hb«ﬂ’kiﬁpuﬁ’»"iﬁ 8L o

15



32,2 HFhopLRE L) 6E R
¥ n-1 K H %?]:".14 By ¥ n=xFd
i‘gﬂ:ﬁ%ﬂ!?@ B 4c i“g-‘tﬁﬂﬂ"?‘@
R e R TR
e J
ig%cﬁ%lﬂ’.?,@fé B
fﬁéﬁ‘?%]ﬂi?. *
% n-1 w2z - X
ELY. R Ty
REELY. o TRUTEY
R E
RTEEY. 7%
¥n-l=xz- %

kil )

i SIS S

(5) #i & 7 %2 (Incremental Conductance Method)
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HIV (), u(n)
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6) E #iT 1% (Linear Line Approximation Method)
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i, =N-(i,,—i, )=N-i,, (3-68)

3

R FEC, 2 TR ] Ay,

. 2
Avg, = Bon L N NVD (3-69)
C, 4 2 8C,f 8CL,f>
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ﬁiﬁﬁw‘ﬁ”?@‘lﬁﬁﬁ‘”ﬁﬁﬁ‘ ﬁd%
B SRR o P NI ] TR

51



DT,

S - — TS -

irg >
/\/\ .
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iCrI =

. - A icr1 =i =—>t

ler2 .

_ / iCr2 —N'Crl/
i>\\/~\\v/ >
a ich =ipg

s
ico \ icy =Hp2

N N\ N\

N <S>
HRX 1 2 1 2
B 3. 14 Eapde sVl f Z R EERTR T IE T AT A E

My gk E2z ¢ FRECH m’ﬁﬁﬁﬁilﬁﬁﬁﬁﬁﬁﬁﬁﬁh
RO 2 pEEH e R o Arud (F ,9 o Iey Bz e £EH TR <

s

] Av,, o 40T (3-70) 457 e

Av,, = L 1,-(1-D)T, = VD (3-70)
C RCf.
&Q’ﬁﬂ?@@%*+A%?éﬁm FRRAEL Ay, FE 4

TR R, PITM S RR R, 2 o A A @J JR a8

<] Av, o5t (3-T1)EF o

NG = T 8C0L2fs

ﬁ@iﬁ’iiﬁfﬁié%ﬁiﬂﬁﬁéﬂﬁW?%iﬂiﬁﬁ
SRR R R B L TR E B Dt
Bk FiEE A R 3 TRAE ] NIFLSEAEER @l TRF T R AR
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333 f BT WL 2

1 iE-BEREAT TRE %}iﬁw&a@/ﬁw# FIR SRR ¥ i )
BEE P AEHEFZLATTIRE A ER LRG> TR
i K4 V™1 B i Middlebrook 2 e 42 B iy 7 BT a2
(State-Space Averaging Method)#t & # & #3|[1][2] - B £ - 2 2 g3k T
1wlﬁiﬁTi%@%ﬁﬁ’iu%ﬁﬁﬁﬁilﬁﬁ$§%€ﬂ4

(Weighting Factor)® 1 T35 w8 1) - 37 e 3a ik i & f758 > & F 8k

:E;’;’ 7@_5\‘ 4 ,_;‘_"__. ﬁ%ﬁ"¥7 z{;{r’} { E) V‘.HIJ(DC Model)li
5547 (Small Signal Model) » & {8 #-p* -] 2 5L H-A) 12 £ 5% # 4% (Laplace
Transform) T 7 A 0 4 B2 £ FI6H8 0100 2 B~ B DS B0
HIE L PR EN L L TN T R AR .

BAEREL BN S - BRI EERR ¥ R ke ME e

R, (Equivalent Series Resistance, ESR)* 3 % 2. & 5t P BT [ R. 5

=
ol
&t

MEERER R R A REREZ IR TN E T FRLRL AR
E%@m\ﬁﬁ%%&uﬁﬁﬂ%%yﬂ SU G ZRATR D R
WARLERS T I AN E R A ek 2 A2 > F A T 4058 (3-72)

x=Ax+Bu
y=Cx (3-72)
nei{l,2}

X = iLl iLrl iLm iLz Verr Vo2 Voo Voo ]
u=[7) o
y=[v]

A~ B2 C R FEEL T BHEENT L TR T A 2

S N RE > HIgE B AR AT o
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FEHEL O IR T A ARG B

di .
L 7? =V.—R, i,
di . .
L, aftrl =V, = (R,  + R, + NzRCrZ)lLrl + NzRCrzle Ve — N,
di
Lm % = NzRCr2iLr1 - N2RCr2iLm - NvCrZ
t
di RR., . R
L, st2 = _[Ra +R,+ R+IC3(CO }Lz Ve — R+ R, Veo
dv,, _
rl dt Lrl
dv,, .
Cr2 di 2 = NlLrl Nle
dv, _
‘T L2
d R 1
Co VCO - iL2 - vCo
dt R+R, R+R.,

RR., . R
v, = I, + Ve,
R+R_, R+R,

B b ARSI G GBS s desS (3-83) 47T o

xX=Ax+Bu
y=Cx
4, 4 11 !
B ooy M Blz[— — 00000 0};
Al,zl Al,zz L L,
RR R
C,=|{0 0 0 “_ 0 0 0 ;
R+R,, R+R.,
—Ry 0 0 0
Ll
_(RCrl + RLrl + NzRCrZ) NzRCrZ 0
A = LV] Lrl .
bt 0 N2R6r2 _NZRCrZ 0 ’
Lm Lﬂl
0 0 o L R, +R,+ RR,
I L R+R,,

(3-74)

(3-75)

(3-76)

(3-77)

(3-78)

(3-79)

(3-80)

(3-81)

(3-82)

(3-83)



[0 0 0 0 ] o Lo 0
__1 ﬂ 0 0 “
Lrl Lrl 0 i ﬂ 0
A N . A Cr2 Cr2
L2 = 0 2 0 > 1,21 = _
L, 0 O 0 El
t
1 -1 R
- = 1 R
© 0 LI [R+R J 0 0 0 =
L 2 Co | C,\R+R
[0 0 0 0 ]
0 0 O 0
A= 0 0 0 0 ;

0 0O -1 !
C \R+R,,

B FEHEL TS 2@ TR R KRG B

di ; 1
L % =V, =Ry +Re,)iyy, + NRejiy, = NRiy, = Ve

di . .
L, — = Vi+ NRui, — (R + R+ NZR 0 N’R Ren)is
+N? (Rey + Reyn) )i, ¥ = NV Ny,
di
L, % =—NRq i, + (NZRCt + NZRcrz)im F (NZRCrZ + NZRCz)iLm

+ Nvg,, = Nvg,

L @:_ RL2+& Iy — R Veo
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x=A,x+B,u 1.03
y=Cx 5-53)

T
4, A
—‘,E':‘:l , A2=|: 2,11 2,12j|; Bz=|:i L O 0 0 0 0 ():|;
Ay, A L L

2,21 2,22

C2=[000RRL000 R}

+ RC() R + RC()
__(RLI + Ra) NRCz _NRCz 0 W
Ll Ll Ll
NRCr _(RCrl + RLrl + NzRCrZ + NzRCr) N (RCr + RCrZ) 0
Lrl Lrl Lrl
4, = NR 2 2 2 2 5
’ IV, (N°R;, +NR,) —(N°R.,, +N°R) 0
Lm Lm Lm
0 0 0 __1 s + RRCU
| L, R+R,,
0 0 _—1 0 0 L 0 0
Ll Crl
1 N N 0 0 o N 0
A _ Lrl rl Lrl . A o Cr2 Cr2 )
2,12 _ s AT g N
0 N =N 0 Wweg N 0
Lm Lm Ct t Ct
0 0 0 _—1( R ] 0 0 0 L[ R J
I L,\ R+R,, )] I C,\R+R, )|
0 0 0 0 ]
0 0 0 0
A4,,=|0 0 0 0 ;

0 00 -1 :
i C,\R+R., )|

HE2 R BEFF REREZTEF TS 4250 0

d R R 1 TRILT o 1 PR [P R BE A2 1 (T
WED; LIHA 2B R EEM2 1M 5 (1-D) » #1(3-83)%
(3-93)4 | 1 H $t oz B F F]F bo 12 TR L b T

x=Ax+ Bu

(3-94)
y=Cx
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N394 2 FBEELA B2 CV AN EHMIT
A=AD+ 4,(1-D)
B=BD+B,(1- D) (3-95)
C=C,D+C,(1-D)

#-38(3-83)% 58(3-93)¢ & ¥ BAEML S » 54 (3-95)F W

_‘,E'_: ¢ A:|:All A12:|;
A21 A22

r T
L L 50000 0f:
_LlLrl

c=lo 00 2 o090 R};

L R+R,, R+R,,
[ R, ~R,(1-D) NR,(1-D) —NR,(1-D) 0 1
L L L
NR.,(1-D) _|:ch + Ry, + N'R ot NOR (1= D):| N [RCr2 +R.,(1-D)] 0
L, L, L,
i ; ) ;
M NZRC»‘Z +N2RC1(1—D) —|:N RCr2+N Rcz(l_D):. 0
L, L, L
0 0 0 N R.Dr R, + e
L L, R+R,,
I ~(1-D) l - ]
N o L 0
] Crl
-l oV Na-D) LN 0
rl Lrl Lrl Cr2 Crz
4, = A = :
0 N -NA-D) 0 * (1-D) -N(1-D) N(1-D) -D
L, L, C, C, C, C
D -1 R
0 0 — — 0 0 0 1f_R
L L, L\ R+R., )| L C,\R+R, )|
[0 0 0 0
0 0 0
A4y, = 0 0 ;
000 _—1 !
L Co R +RCu
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B3 RRETETIE N e [ 3 P AR LR IRHFAEN

TR B2 A 2 R ) RS -

B 3 BT (P BRYHIT A M) #E # £ (Perturbation) » ¢ T 4

X=X+%;u=U+i;d=D+d ;v,=V,+9, (3-96)
i<<1; £<<1; i<<1; v—°<<1 (3-97)
U D

X, UD, V, AARBE R TR A R a,d, 0,0 AR R

B R E R E 2l UELE BT #(3-96) 1~ 5 (3-94)F 7

(Iu"'lu) L|:RL1+R(,t(1 D- d):|(1L1+lL1)+ NR.,(1-D- d)(lm‘Hm)
L
1 A A A
—-—NR.(1-D-d)I, +i, )——A-D-d)V., +V
Ll Ct( )( Lm ZLm) Ll( )( Ct th) (3_98)
1
+—V, +v
Ll(s \)
d n 1r o~ A
E(Im +ip,) :L_”_NRCz(l_D_d)J (Lt 1)
_LL:RCrl +RL;~1 +N2RCr2 + NzRa(l _D_‘;)](Im +fLr1)
1" i A | (3-99)
+L__N2Rc;~2 +N2RC1(1_D _d):|(ILm +iLm) _L_(Vcn +{)Cr1)
rl 1
1 N 1 A
_L_”N( Cr2+vCr2)+L_r1N(1_D_d)( +V6t)+Lr1 (V +V .)
d A _1 s A
U )= L—[NRO(I ~D=d)|(1,+1,)
1
L_[Nz Cr2+N2RCt(l D - d)]([m"'lm)
1 A (3-100)
—L—[Nsz + N*Re,(1-D=d) (1, +1,,)
1 . 1 A A
+L_N( Cr2+VCr2)_L_N(1_D_d)(VCt+th)
d -1 RR.,
7 (IL2+1L2)_L {RC,(D+d)+RL2+ }(]“H“)JFL (D+d)(VC,+th)
2 Co 2 (3_101)
_L L (V +v )
L\R+R, ) < ¢
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d . 1 .

E(VCrl V) = C_(]Lrl +ip) (3-102)
rl

i(VCrz +"}Cr2) = LN(lm + ;Ln) _LN(ILm + ;Lm) (3'103)

dt C, C,

d A 1 s a 1 ~ ~
E(VC’ +V,) ZE(I—D—Q’)(IL1 +lL1)_EN(1_D_d)(ILr1 +i,.,)

: A f . A (3-104)
+E;Na—D—dem+%)—Eqp+dxgl+§g

t t

d n 1 R 2 1 1 n

E(VCO +V¢,) ZZ(R ‘R, j(]LZ +1L2)_Z(R ‘R, j(VCO +Ve,) (3-105)
[ RR, , R X

V0+v0:(r;a)](le+lL2)+[rRC0j(VCO+VC0) (3—106)

#-74(3-98) 3 N (3-106) 25k f5 # A23V 18 28 4 it (Linearization) » 7= T 2,
VLA ] B S R IR S S AT 2k A 2 A2 58 4es (3-107) 3 5

(3-115)# 7

d A _1 n 1 ~
E(]Ll +1,,) :f[RLl +RC1(1_D)](]LI +ZL])+ZNRCI(1_D)(]LH +i,)
1

1
1 A 1 R
_ZNRCt(l_D)(ILm +le)_f(1_D)(VCt +sz) (3-107)
1 1
+i(Vs +‘;s)+Li[RCrIL1 _NRCt(]Lrl _ILm)+VCt:|62

1

d » 1 .
—(I,,, +1,,) =—][NR.,(1-D)|(I,, +1,,)
dt Lrl Lrl L,.l Ci L1 L1

1 :
_L_[ch +R,,, + N'R.,, + N'R,(1 _D):l(lm +ip,)

rl

1 2 1 .
+L_|:N2RCr2 + NzRCt (I_D)] (ILm +le) _L_(ch + Vcn) (3-108)
rl

rl

—LLN(VC,,2 +9C,,2)+LLN(1—D)(VO +\3C,)+LL(VS +7,)

rl rl rl

1
__N[RCtILl - NRC; (]L

rl

_[Lm)"'VCz]62

rl
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d A -1 A
Z(lm +1i,) :L_[NRCt(l_D)](ILl +lL1)

m

1 2
[ V'R # N'Ro (1= D) | (U1 +1y)

1 -
_ L_[NZRM +N’R,(1-D)](1,, +1,,)

1 R 1 .
+L_N(V0r2 +vCr2)_L_N(1_D)(VCr +Ve,)

|d

m

1
+L_N[RCt1L1 _NRCZ([Lrl _IL )+Va

m

d A -1 RR, 5 1 .
Z(Im +ipy) :L_2|:RCrD+RL2 + R+IC3CO :|(IL2 +lL2)+L_2D(VCt +Ve,)
1 n
_L_(R—i-R J( +Vca)+ (Vt_RCtILZ)d
d . 1 P
E(Vcn + V) = C_(ILrl +ip,)

rl

N 1 A 1 n
( 2t Vo) =C_N(1Lr1 +lLr1)_C_N(ILm +ip,)

r2 r2

d A 1 2 1 ~
E(VC’ +9¢,) :E(I—D)(IL1 +1L1)——N(1—D)(IL,_1 +1,,,)

t t

1
+EN(1 Dyd,, +1Lm)— D(IL2 +1L2)

1 b
_E[lu _N(Im _ILm)+IL2]d

oy LR
Co Co R
Vo [

d AR
W B enE O] L

- ]( L2+lL2) Cl, (R IR ](VC«;'H;CO)

le)"'{ 4 j(VCO'H;cO)

+ RCU

—\\

(1) 2 img7)

0=—[R,, +R,(1-D)]I,, + NR.,(1-D)I,,, — NR.,(1-D)I,,, —(1-D)V, +V,

0= [NRCt a _D)] I, - [ch +Ry, + N2R0r2 + Nch: a _D):IILrl
+[ N’Re, + N*Re, (1= D) | 1,,, = Vyy = NV, + N(1= D)V, +V,
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0=—[NR;,(1=D)]1,,+[ N*Re,, + N°R,,(1=D) |1,,,

(3-118)

~[NRe,» + N*R,(1=D) |1, + NV,,, - N(1- D)V,
0=—|R.D+R,+—Re |1 py |—K_ |y (3-119)

R+R,, R+R.,
0=1,, (3-120)
0=NI,, —NI,, (3-121)
0=(1-D)I,,—~N(-D)I,,+ N(1-D)I,, —DI,, (3-122)
R (3-123)
R+R,, R+R,,
v, =| Doy, | Bl (3-124)
R+R,, R+R;,

Bk d 3N(3-120)7F (7 4 Ak s Nl iﬂ‘% TR f—é*@ﬁi%]ﬁ ot 332
Fo I R AT TR EZ SRR IR PRV RETRED T
FEEdE e b o d SN(3-116) 1 N (3-124)F - R Bk S iy fa,
L2 R G g de BehE n % sk T L o 4o 3.15 4R o

Iy Ry Re(1-D) (1-D): 1 1:D I, Ry

B 3. 15 SAkde sU i) g TR ML B E R BB
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(2) T EHEE

#38 (3-120) 2 X (B-121) 1% » 8 (3-107) 2 N (3-115)7 JE @ # 4% B2 /)
WELHA 0 Ao N (3-125)5 7 o gt oh o d oF R (T2l U EHCA| T - H @ 5
HHe T2 [ UBLESTT B 0 4o R 3.16 #1T e

x=A%+Bh+Ed
$=C%+Fd

CTa A r
=Y ’A=[ , ‘,2}; B'{ii 00000 0};
4, 4, L L

C’:{OOO&OOO R}

R+R,,

(3-125)

T
E=|:RCt1LI+VCt _N(RCtILI+VCt) N(RCtILI+VCt) V RCt]LZ 00 IL1C_1L2 O:| ;F=[O];

Ll Lr] Lm L2 .
[ =Ry ~R.(1-D) MR, (1-D) VR (1=D) 0 ]
L L L,
NR,(1-D) [RCH+RL,1+N2R +N2RC,(1—D)] N’[R;,,+ R, (1-D)] o
L, L, L,
Al'l = , , .
~NR.,(1-D) NR.., + N’R,(1- D) “[N’R,,,+N’R.(1-D)] .
Lm Lm Lm
0 0 0 L
- L R+R,,
[ -(1-D) - ]
0 0 I 0 0 o 0
-1 -N N(1-D) 0 o N .
Lrl Lrl Lrl Cr2 C;-z
AIIZ s Al = .
o N -NI-D) 0 *7la=D) -NU-D) NU-D)  -D
L, L, C, C, C, C
D -1 R
0 0 - = 0 0 o L[ R
| L L,\R+R,, )| ] C,\R+R,, )|
[0 0 0 0
0 0 0
A, =0 0 0 0 :
0 1
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£ G-125) ) Az A B s R o BN EREET FR] TN
SR(s) = A'%(s)+ B'hi(s) + Ed(s

(s) (s) A() (s) (3-126)
P(s)=Cx(s)+ Fd(s)

#4738 (3-126)4c 11 BFIR (8 7

HAgZhoT .
2(s) = (SI— A ' Bi(s)+ (ST =AY "Ed(s) 5127)
P(s)=C'(SI— A" B'ii(s)+C(SI—A) "Ed(s)+ C'Fd(s)

Ryt @ Bl ] LAl B E AR T L

/#u/[];"? 2_FR 5. g%ﬁ%m,}""—"# ﬁ%l»h@;%‘;%
TR, 2 WA S dost (3-128) 47 o

A 3
&1 'Fﬁﬁﬂﬁﬁ?ﬂﬁj

G i)

AC)
d(s)

ii(5)=0 d(s)

=C'(SI-AY'E+F (3-128)
i(s5)=0

VBT E 2 AN R R A B B F iR
Mathematica 4+ ¥+ 3;% (3-128):& {7 ikt > T 7 ¢ * T B ekttt PowerSIM +c
WLEPR o 4o 3.17 B T G ik B ﬁﬁﬂ VA Sz AR d BT
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