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Inverse system method based decoupling control of
shunt hybrid active power filter

LU Weif, LI Chun-wen, XU Chang-bo
(Department of Automation, Tsinghua University, Beijing 100084, China)

Abstract: To tackle the strong coupling and nonlinearity of the shunt hybrid active power filter (SHAPF) system, we
propose a novel feedback linearization control strategy based on the inverse system method. To the nonlinear model of
SHAPF, we apply the inverse system method to produce its ath inverse system, from which the decoupled pseudo-linear
system is obtained. This pseudo-linear system is synthesized by using the pole assignment method to design the controller
for the closed-loop system. The stabilization condition of the zero dynamics of the SHAPF is presented, which ensures
the stability of the close-loop system. Simulations show that the harmonics can be effectively eliminated by the proposed
control strategy, and a better steady-state and transient performances can be achieved in comparison with the traditional

linear feedback-feedforward control strategy.
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1 5|3 (Introduction)
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178540, WXt RAF AR e T T 08T, 28 T
—PPBI Y SHAPFEL MEAa I Sl . 7 B S 45 R abr
T NS () LR R R
2 SHAPF] % 2% # & (Mathematic model of
SHAPF)

AR SCHFFUIY) SHAPF HL % 40 40 1 6] 1 TR, &
APFAI—Z i PPEH RS I A HLM, PPR/RTH R ST
HE 3k i R, APFACBRE AL 55 185 38t rl 7 6 02 1) 10 9 P s,
DN 5 1 G APFAH L, A7 9838 73 1R 75 T AR KBS,
s vgy, j=a, b, ¢, 4 “AHFAR L LU ve, A PPF
HAL 25 I 3 P P Hs 5 oy A 2 FE3E42 R (point of common
coupling, PCC)Ab () HL s ; s, iy, ; Allip; 53 50l A FL IR P
it~ SR AIPPESZ B (1 HL AL, L A Ha I 0 25 3k
J&; Cp, Lp R4y 9 A PPEIIHLZE . FE AP Cle
Flvge A BN 28R IL Y 1) FU ;. Sp ~ S 6 IF
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1 SHAPFHLEi4h
Fig. 1 Topology of the SHAPF

H1 SCHR 917 %11, SHAPFAE.d-q[m] U Tie e A bR 2 N
Ay
Lyirq = —Rpirq + wlpipq—
Vcd — UdVde + Vrd,
LFin = —RFin —wlpipg—
Vcq — UqUde + VLg; ey
Crica = ipa + wCrucy,

Cricq = tpq — WORVCq,

CacVdc = Udlra + Uqglrg,

o vey, tpg, v Mug, k = d, q,70 9 £ 7R d-g bR
Z NPPFHE 25 PN diiy 1) HL [ Y £ PPFSZ # 1 HAL AT

PCCAL I HL H FNTF IR 241 1 55 280 5 0 L R G w ol H

H T T R HIA T, ¥ SHAPF &R i
FORBN SRR R

{ i = f(x) + g(a)u,
y = h(z),

Hrp:z = [ird TFq Uca Vcq Udc]Ta u = [ug uq]TﬂJ
Y= [y1 yﬂT = ['iFd qu]Téu\%Uﬁ?\éﬁE’W(?ME%\
A A AR, RS () Flg () 230 A
_(—RFiFd + wLpipq — Vca + ULd)/LF-
(—Rpipq — wLpipq — Voq + ULq)/Lr

2

flz) = (ipa + wCrvcq)/Cr )
(ipq — wCFVCa)/Cr
0
-—de/LF 0 |
0 —Vqc/Lp
g(x) = 0 0
0 0
i ira/Cac irq/Cac 1

H=(Q2) I LA HSHAPF RS & — > R 5k E&
Ap g, 25 N 200 (SRR G AR RS O TR R
GRS T 5 0122 B R G AR LT R g il 1k
REMIRE I, ASCR I R G710 SHAPF T4 AL
BRI ).
3 SHAPF¥ R 4t % #l| 2% 9 &% vl (Inverse

system controller design for SHAPF)
3.1 SHAPFHJi¥i &4 (Inverse system of SHAPF)

RS VE I EEAS AR AR a0 S i e
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M PR 2R 8K i 7325, % SHAPF i Hi 5 #E A Wi it
TR, AT = [y y8")) TS B
AR . AR

Uil
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ug = (Vpa — Rpipa + wLlpipq — Voa—
Lrp1)/vac, ©)

Uq = (Vnq — Rpipq — WLpipq — Vog—
LFSO2)/Udc-

R (6)FTR M b R 1R G RIS SHAPF J5 AR
Gy, BTG E - AMERER VIR S

—1
y= [80 301] ®, (7
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Fig. 2 Feedback linearization and decoupling of SHAPF with

inverse system method

3.2 ¥t (Controller design)

SHAPF A T A Ji U3 1 P A B F Y £
MY, (ipa ) Ay (g ), TEHAERMERES HHERAR I
HL SR 15 IO dHh Mgl AR A AE Tyt (i) M
Y5 (15 )» AT B i R b AR 2 P B 80 2B 18
Uit A5 HEL I FEL Ak ST B R 5. I SHAPF AR 4 e
— AR R R S
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901] Uy + ke + kio jo erdr ®
= t )
P2 y; + k2162 + k‘QQ fo €2d7_
;H\: EP: ?\éﬁiﬁ H—_ll Eﬁﬁﬁﬁiﬁel :yik—yl, egzyg—yg,
HSH0k: 1, k1o, kot Fkoo ) 9 IEEL. BET B 20(S5) AT
(8) W] AIARE ZR gk Hh BRI R ZE I B A T RE A

€1+ k1161 + kize; =0, 9)
ég + kzlég -+ kzgeg =0.
AR, IR RGRFIE T FE A
Sz + ki1s+ kip =0, (10)
s+ kgls + ]{722 =0.

AR SCIH I B S IR 2 8 kL o, ko
Hlkego, {F PR RGEHI AL, BRI PIIN RGERHAE T R ()T
TEAR 42 BB P& AE s -1 A7 Sl b, AT 2R G H PR AR
ZLIREOE A si#1)0.

WAZI(O)MIE(B), AIAF R G AR L S s il
H

Ug = [ULd - }EFZ‘Fd - LFkll(i;d - iFd)—
Ly [ (it — ira)d7 + wLiirg—
vod — Lrifa) /vVac,

Uq = [VUpq — RtFin — Lpko1 (if — irq)—
Likss jo (i — ipq)dT — wLpipa—

| Vogq — LFiI*:q]/de.

202 HSHAPFI P etk RGBT T2 27 515

FIK, HTSHAPFR G AN I N T REM 4, RS

FAAEE3AF BN S T RAIE R R G A e Tk

MR RE, 52t — DX T E AR A T 704

4 F 31 € % 4 tr(Stability analysis of
zero dynamics)

BEXT = AR A REIEAE 928, B RIRAE d-g bR 2
G157
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tra = Irao + > Mparcos(kwt 4+ Prax),
k—=6,12,18,.--

‘ N

iq =T+ Y, Tugrcos(kwt + k),
k=6,12.18,..-

12)

;/H\; EF‘ ILdOa ILqu ILdk:’ ILqu ¢Ldk’ ¢qu j‘j 'l'%' iﬁ EB a:
SHAPFH LI PPF AR $H R 4 JE 9 v e, 7 AR (1) 3
WA D N T IR AE d-g bR 22 R TR RN
Irqo = \/gvaOS 0F/|ZF|7
Iqu = \/§Vmsin 0];‘/|ZF‘,
b Vi oA LR L s A 250, PPFIV BHTASSAEL A AR A7
i 42 WA | Ze| = \JRE + (L — 1/wCr)’, O =
arctan|(1/wCr — wLp)/Rp]. 25T SHAPFI# iR

13)
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N
i;‘d = IFdO — Z ILdk cos(kwt =+ dek)y
k=6,12,18,.--

i;‘q = IFqO + Iex_
N

> It g1 cos(kwt + Yrqx),

k=6,12,18,---
(14)
AR B A BN TC T . a0 e BEEARS,
BT L M REESE e R R,
EE 1 EKSHAPFR L), 45 58 &R 4L 13 1l
AT IEAE 5 (14), 7 L, = 0, WRGFIE
ANERE ; A 2 A

1 N
Ingo > \/2 > (g + Iﬁqk)a
k=6,12,18, .-

Iex = (15)
1 N
II*%qO_i Z (Iﬁdk—i_IEqk)_IFqO
2 h—6,12.18,--

WA, WARSGEFIE.
UE  HISHAPFRSE(2) M 2R 48 (A B [ 0] 1,
REEGEITFEN
Uca = (ira + wCrUCq)/CF,
Ucq = (tpq — wCrvca)/Ch, (16)
Ude = (ipala + ipqUq)/Coc-
FEFEHIR (1) KRG ipq = i5g Mipg = ify
WAL, RAEENAS TN

Vca = (Ipg +wCrvoq)/Cr,

Uoq = (in - WCF?fca)/CF,

Vae =i (VLa— LFi‘;d —Rpifq—vca)+ (17)
i;“q(ULq - LFZ;‘q - RF’Ligq—
UCq)]/(CchdC)'

P AN B RAF R E S vea Floc, FIfEHT
it g (T R LB 35%):

A

N

Vcoq = [IFqO + Iex + Z (Ak Sln(k’u)t)—I—
k=6,12,18,---
By, cos(kwt))]/(wCk),
N
ch = [_IFdO + Z (Ck sin(kwt)-l—
k=6,12,18,--
Dy, cos(kwt)]/(wCr),
(18)
o
Ay _ 1 kIvar cos Yrar + Irqr SINYrLqr
By, 1—k? | klvar sin Yrar — Iqu COs UJqu
Ck _ 1 kIqu COs ¢qu — Irar sin Yrqp
Dy, 1—k? | Elyqk sin Yrqr + Tuak oS Yrak

REFN FvcaMve e AT = 7/ (3w)
Ff55. Ieah, S = 02, WE B Eva 30 A5 FER]
Ak

1= [ipq(Vra — Lripq — Reipg —voa) +ipg (Vi —
Lyip, — Rpipg — vcq)]/(2Cac)- (19)
o 1 R =R H X s, FE A B BT AR /), AT HR
ULa=V3Vin, U1q=0. & 3(14)(18) 5 Hlify(—Lrig,
— Vea) + g (Vg — Lrigg — voq) A& NARIN T
f5 5. R, % RA9YE —AN AT N #EAT F 37 3,
It

1 07,
1 T

IO (i;‘d'ULd — RFZ;‘%—RFZ;‘Z)dt =

2T Cyc
R 1 N
— [ 2rgolet s Y (gt IR
2Cq. 2 h=6,12.18,--
(20)

T Rp, [Lax ML BIANE, #51, = 0, FCHP
K

1 0T, R N

4Cq. £k=6,12,18,-

(Iqr + ngk) <0.
21

XU BEIN TR K, H A E 83 v (8]
HIEMDRNE, PrAE S v 2 MEGE .
A AA5)wAL, M (20)H

1 (T,
Tfo jdt = 0. (22)

XYL — WA T RIS 5, 5 E 8 Bvge
L, I H O JUEBOR, sl Mol J R 5

P A e #E ] 40, 383 i SHAPFAM LI 45 215
GUSIN AN TG 1) B o, RO AT ERAUE B A IS 2
P, IR RE S LA, HEamd=L15)
W Lo A BORINAE. (X (22) T 50, Tl 35 6l th e
ISEE RAZFSMH M. A& T —API
PTES:

t
Lox = kp(n = n") + ki fo (n—mn")dr,  (23)

ok, Fl ks A PLA S 23 R LI FIAR 70 25, n* = V2.

H LA B AT AT 40, SHAPF £ 48 %5 A& FHAH 78 o) 3
A SHAPF B LM HL 2% HL Hs v g RS 31 ). A
e 5 (1) A1 B2, A7 AN Ko 2847 B0 i 45 1, 1 T
SHAPF 1] 2 Gt i FE (L FEPPF I HRFE RN FF I 44 o 457
FESE), ELULO B2 s HOR RS PRI, A — e i)
EHIA e fRuE AR, X5 RAFBNSMEEHY) 5.
25 T3 SHAPF R G5 HiME W 3 i s
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g abc| %4
Fabc éz to in
dq
Vcabe abce Veq
— | to
dq [ve,

Kl 3 SHAPF#ZHIHER
Fig. 3 Control structure of the SHAPF

5 fFHESZEHFF(Simulation and results)

VSR AT NS i ol I SV i
MATLAB/Simulink £ 55 %} B 157 718 [f)SHAPF & 4¢
AT ELSEIe 9T, I B AR Ge gk S mot— iy it 4 1
T IHEAT T 6 LU B 9. 3 B &R 48 45 1) 8% 2 40
ki1 = kyy = 500000, k15 = koy = 100000, 1£45 457
B/ K = 50, i RE SR 1R

¥ 1 2% A7 AAHK

Table 1 System parameters for simulation

RGOS e

FEL 19 R Hs Vi (F 850D FHABES 220 V/50 Hz
B PR 53 LR g 0.01 mH
T IEN B Cp, Lp MRy 100 uF/2 mH/0.2 Q
HARMBEEC, 10000 uF
HRM A RS HEE V. 160 V
HELPTA 1 38 28 ke, K3 0.01, 0.005
PWMAIR 10 kHz
AU L, 10 /5 mH
AR 3 Lo 15 Q/5 mH

ARG AN AN T PR A L I, 23R
JRVAS SC T B4 s SREmes R A S e I S Ut — i s o s
Xt BT A M, REAR AR PCCAE L v a~ Bt
B e HLM HLULisa « PPRHA HEL s ue, A ELURL N
HUA L g B I B4 RTEI S BT, 1616 4 A BE T
Je TR LR 3BT
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4 RHASCrHEda I A SHAPFAAR A S
Fig. 4 Steady-state performance of the SHAPF with

proposed control strategy
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(e) TR BTE
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Fig. 5 Steady-state performance of the SHAPF with
traditional control strategy
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B 0 ] [ ] n 1 L 1
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Fig. 6 Spectrum of source current before and after

compensation
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THD) =15 24.43%, PR3 i S0 35 e A Ha 9 HL it 1Y)
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BRI LU 2R 2 Bt SR FH AR ST 4 ) S wes
[ISHAPFX] HHL 19X 18 % HL AL R MR 55 IR 2 LA 4
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Fig. 7 Dynamic performance of the SHAPF under load
variation with proposed control strategy
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Fig. 8 Dynamic performance of the SHAPF under load

variation with traditional control strategy

P 7 L5 SR T 0, R R A 7 3 S AR I R 2 0
LRI, AE A SCEE SRS R, L LR K
LA™ JE 5 B n] FEH 3 N FR A, B H R L SR THD
=1.82%, . Ji M FE 25 3 H AE G 80 A ) HE /)N s
9% 30, R I VR RE 7R 160 V3 1T 7E A% 8 42 i e
T, P FE AR D) PR R R S R SR BN I )
g, JE HEH ARG, M H THD =3.71%.
S I AR SC T HR 5 A S Bl A e ot AR M 13
AN EAT ST (Bl Y. ) R R
6 4518 (Conclusions)

T SHAPF R G ¥ st bl &5 AL M 1, A5 it
sl s DO 2 B AR I A B SOR. AT R
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BT TR E RGNl ey, I RG0R i Lk
PR R SE T E AT T 00T, 41 T REE)
BB U745 FR W], I T ATty e
W% [)SHAPFfE % 4 THD i 1424 %1 H, 9 H 0 #b £
F2% VAW, I B 520 AT I SR ms AT L,
A SR LA T U (R AR S MR FE A B S
8. A SCHIRFIAY ) SHAPF itk BE 5 I SEmE W 5%
PR TR AR, T ELELAT A ) S AN
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Mz &R 18) S FE(Appendix Deriva-
tion of equation (18))
X A7) T A S AT Ky
ica = (ipg + wCricy)/Cr =
(ifq + wity — w?>Cpvca)/Cr,
cq = (ifq — wCrica)/Cp =

(ipq — witq — w*Crocg)/Cr.
L AHRN EX A1
e + wiveq =

N
{fwlpgot+lex)+ >
k=6,12,18,---

[kwl,q sin(kwt+1Lar)—

wlt,q cos(kwt + Yrqr)]}/Cr,

.. 2
UCqg T W ucq =

N
{~wlpao+ 2
k=6,12,18,.-

wlt gy cos(kwt + Yrar)]}/Cr-

[kwIqu sin(kwt+'z/)qu)+

(A2)

LA mT DAy

. 2
vcd +wvcqd =

w[(Tpqo + Tex)+

N
(M, sin(kwt) + Ny, cos(kwt))]/CF,
k=6,12,18, -

.. 2
UCq + W voq =

N

wl-Irgo+ X2
k=6,12.18,-.-

(Py, sin(kwt)+Qy, cos(kwt))]/Cr,

(A3)

b
=

My | _ | klak cos¥rak + ILqk Sin ¥rqk
Ng klvak sin¥rar — Inqk €os YLk
Py

Qx

kIt,qx cosYrgr — ILak sin¥rax
kltqr Sin gk + Inak cos Yrdk

TIERAE (A3 B — B i RS IRENE oy IR
H, WAREIEBES vea Mucg IIRTE

ved =
iUF 0+ lex+
UJCF q ex

N

sin(kwt) + 1 N

My,
(+—3 — 2

1— 12 cos(kwt))],

k=6,12,18,--
voq =
[—Irdo+

N
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wCF

P, .
( sin(kwt)+
k=6,i2.18,.. 1 — k>

cos(kwt))],

Qx
1— k2

BRI L

BRI 2%

Ak _ 1 Mk
Bp| 1-k2|N,
A(18).
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