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Abstract

Abstract

The exploitation and utilization of renewable energy have become the important
measures taken by countries all over the world to solve the contradiction among energy
shortage, economic development and ecological environment. As an important bridge
and energy conversion channel between renewable energy and electric energy, power
converter is a basic form of transformation and control of electric energy, which plays a
vital role in the exploitation and utilization of renewable energy. In the past few decades,
due to the significance of both theory and practical applications, the study of power
converter has become one of the hotspots of research in the field of power electronics
and automation. The study of power converter control strategies is an important study
research of power converter. The control strategy as the core of the control system
directly determines the dynamic and static performance of the power converter. The
power converter system is a typical nonlinear system. However, most of power converter
control strategies are designed based on linearization control methods, which makes the
control system sensitive to system parameter variations, slow dynamic response speed
and poor steady-state performance, etc. Thus, in order to further improve the dynamic
and static performances of power converters, the investigation of using nonlinear control
methods for power converters is a challenging and meaningful work.

Based on modern control theory utilizing nonlinear control approaches, this dis-
sertation investigates the nonlinear control strategies design for several typical power
converters, and the main contributions are as follows:

(1) The important role of power converters in renewable energy power generation
systems is introduced. Then the internal and overseas research situations of the control
strategies design for the several typical power converters are classified and summarized,
where the theoretical significance and the practical application backgrounds are given,
and the study structures and contents of this dissertation are presented.

(2) Two system models are built for the DC-DC Buck converters, respectively, i.e.,
the nominal system model and uncertain system model. Based on the nominal system
without considering parametric uncertainties, the single-loop adaptive control strategy
is built by adaptive and back-stepping control approach, and the double-loop adaptive

control strategy is set up by adaptive and sliding mode control approach. Based on the
-1 -
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uncertain system model, the single-loop disturbance observer based control strategy is
developed using designed disturbance observer and back-stepping control technique, and
the double-loop disturbance observer based control strategy is synthesized using designed
disturbance observer and sliding mode control method.

(3) The control strategy of voltage regulation and current tracking for three phase
two-level grid-connected power rectifiers is presented. By using power-invariant Park’s
transformation, an averaged mathematical model of power converters is obtained in dg
synchronous reference frame. Then a novel control strategy using adaptive control and
H,, technique is proposed to regulate the dc-link output voltage as well as track a desired
current reference. More specifically, an efficient adaptive controller is established in the
external loop for regulating dc-link output voltage in the presence of external disturbances.
A set of H,, controllers are designed in the internal loop to force the input currents track
their desired values.

(4) A novel robust control strategy is proposed for three-level neutral-point-clamped
power rectifiers. The proposed control scheme consists of three control loops, i.e.,
instantaneous power tracking control loop, voltage regulation loop and voltage balancing
loop. First, in the power tracking control loop, a set of adaptive sliding mode controllers
are established to drive the active and reactive power tracking their desired values via radial
basis function neural network technology. In the voltage regulation loop, an efficient but
simple adaptive controller is designed to regulate dc-link output voltage where the load is
considered as an external disturbance. Moreover, a composite controller is developed in
the voltage balancing loop to ensure imbalance voltages between two dc-link capacitors
close to zero, in which a reduced-order observer is used to estimate sinusoidal disturbance
improving the converter performance.

(5) Based on the second order sliding mode control technique, a novel control strategy
is proposed for three-phase power rectifiers under unbalanced grid conditions to achieve
cooperative control between power and current. A consolidated control objective which
can be flexibly adjust among the degree of oscillation in active and reactive powers
and balance of three-phase current is obtained in the stationary «f frame. Based on
the dynamic of the converter and control objective, a control scheme in a cascaded
framework is presented, in which an adaptive observer is applied to estimate the positive-
and negative-sequence of grid voltage without complex filtering process. In the current

tracking loop, the super-twisting algorithm current controller coupled with super-twisting
IV -



Abstract

differentiator is implemented to force the currents to their references, featuring a fast
dynamic and an improved robustness. Also, in the voltage regulation loop, an effective
composite controller is developed for regulation of the output voltage, where a super-
twisting observer is used to estimate load disturbance.

(6) The problem of regulation output voltage of three-phase two level LC-filtered
voltage source inverters is presented using disturbance observer-based integral sliding
mode control approach. First, the dynamics of the inverter are reformulated to facilitate
the use of the proposed control strategy, which consider the parametric uncertainties of
LC filter. A disturbance observer is designed to estimate the parametric uncertainties and
external disturbances. Then, an integral sliding mode surface is established considering
the voltage tracking error, its integral and the estimations of the parametric uncertainties
and external disturbances. A sliding mode controller is proposed such that the systems
are robustness to the admissible uncertainties and disturbances and satisfy the reaching

condition. The stability of the closed-loop system is proved based on the Lyapunov theory.

Keywords: Power converter, Rectifier, Inverter, Nonlinear control approach, Sliding

mode control, Disturbance observer
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Fig.2-5 The control structure of SDOB
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5 2 # DC-DC Buck 284t &5 i1 S it A1 2 2 il SRS AT 7
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ML (2-48), SNABNEARL,

21 = —kpz +d,, (2-49)

t
71 = e ketz g+ / e =0 (1)dr, (2-50)
0

Hrp 710 72 70 BIFIIRIRZS . M (2-32) AR H 7z, & H 0.
2.43.2 RN
R 2-7), ARFHRZENSFRETURERN,

L X1 Vin ’
Xy = —z + Tum, + dz, (2-51)

B ) = dy — 50 BRI B R ),
dy = & + o, -5
52 = _fZ(_% + vLﬂuav + d/\é)a

Horb d 2 dy WASTHE, f 2N IEEEL & RS A ERES R . Hah i

S 8 5 BT SLERR2.4, LN 6 TR ) = ) — ) W12 ||| < . T,

R d Bt it il 2% O bl B B i R LR . 35X (2-25) it AT R T 7T 745,

. - X Vin ,
wn=m@f+zwm+@x (2-53)

Hrh %, = x —x; RIBHEAE
MR (2-53) it T IE B 25,
L 5 . N X1 ~
Ugy = ——_(Cdzzxz + D g2sign(X;) — T +d,), (2-54)

mn

HA cgon RIEMIHEEL Dy W8 Dyn > w. A (2-54), ZEHEE R AN 52
] PLE R,
Viany = %o (=canFs — D gnsign(F,) + Ciﬁ)

< —cd22i§ - Dd22 |)22| + wX, < 0. (2-55)
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Kl 2-6 DDOB 7 il SIS 2 45 14
Fig.2-6 The control structure of DDOB
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-20-



% 2 % DC-DC Buck 25 ST AL b0 19
T 7 N ] % R ORI R R R i W 3k PR 7 LS ER A .
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15V, 2 2-3J8/R T 9 SRR AR, BT 42 il SR 1 FL s 4 R S BRE (1] o DA
2-9 a) f12-10, ATLLEH, AHET Fri sl sing, 2 6a i i & 2 A8 {b ) PI
P25 ) SRE MGG () U BE IS (A B K o SA F5 ) SRBS A e ROV I 1A L 75 22 15ms. AHLEE
T SA I EME, DA $) S 1) R RN, (R3S Mg . HAE R,
DA i g 2 B A 4 SRms v, R PR /N SRR . AL T SA I DA 25 il SR,
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Fig.2-7 Laboratory prototype of the converter
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Table2-1 Nominal Parameters of the buck converter

R s BE AT

TERIAE  fi 10 kHz
FJEk L 15-10° H
HL2¥ C 22-103 F

AL R 20510 Q

BINHIE v, 30 \%

ZEHE x; 15512V

R 22 A AN K5 6] S K

Table2-2 Control parameters of the proposed control strategies

el P 25

SA | T HE& n = 1200,kg;; = 150, kgjn = 200

‘ AR | kg1 =2.6, 7 =120
DA 5l Sl

V‘]}J: Caq1 = SOO,DdIZ =0.05

SDOB il %l | fi1 = 300, f12 = 300, kg1n = 50, ko = 1500

AR | A1 =10, kg =2.5
DDOB #% il 52 %

W | fo =50, cgzm = 300,D 42 = 0.05
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25 2 T DC-DC Buck 25 85 [/ 4 73 JE 28 11 47 il SRS A 50

out
+ PWM L Buck ;
Converter L
1 +4.)F
L ,Uout
2-8 XUIA PI #1451 1
Fig.2-8 The control structure of PI
Tek N @ Ao Complete M Pos; 52.00ms Tek S |+Acq Complete M Pos: 52.00ms
+

r S0.0ms B 50.0ms
a) MEAZMN b) 5 LA
a) Load Change b) Voltage Reference Change

P 2-9 XA PI A% SR T [ B R 32
Fig.2-9 Output voltage of PI control strategy

e, AT IHE AR SENS, DDOB #2 il S g 3 H B i 1S A PR BE

AR S A A B P R AR AR, FETARAR R G TH I SA AT DA 424
T FR) F He P 2 LU A T ANHA E 1 R Gi it ) SDOB A1 DDOB % ] 5 i ) Ha, s [
o FEJERIN, SA R DA $2 i SR H G M F K 4MEE 6 = 7=, #RT0 SDOB Al
DDOB 1l 5  Z RIS 2450 o) = - 355 - ridae - AR
ey, FERBRMLFE KL R, B, H 08N, ROz R M R,
MAR dio WIXA A FERT DU H H a7 1 s EEEE T SR Sh Rl 0 Il fr 42 i) S g ,
i 4 F S R BE B

W PSRRI R A 1) 0 | Y B9 £20%, RIVSF — 2H S5 F BRI LA 20 30l e L =

L +20%L, C = C + 20%C FI55 2 9286 e A B RAE 0 oN: L = L — 20%L,
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W R Toll A% T i
C = C-20%C, RIGUFHET A E 4 R4 11T #) SDOB 1 DDOB 2 il Sl 1) & 45
PEo K 2-10 o)F12-10 d)FT LLE H, A BRI e 484k, H R R 3h 245
AN IR B EEA — 8. XL ERE SDOB Fl DDOB il S % R 40 2
A AR
262 BEBRETH

TEARRSES Y, SHEEEEM 15V R 12V, FEHEHE 20 Q (REFAE. %
HISHOR S — RSE I — FERFFANAS . 1K12-9 b) AT 2-1243 51y PI 42 1] SR & A1 BT $R4%
il s R EhAS . WTLVEH, USHHRIR S KA, A 45 ) SR s AT
REf st R 15 VT E 12 V . (HEMITEI B RFEMSh AR 5T
A EHI A R, P 45 ] SRS 75 B A TR [, g L R AR . SA
SR PV I TR B A, EL AE BT U ol 2 o) S s v e A HRL IR B T B K. AHEE T SA
FE RN, DA SRISHIA BN H R B, (2 e T B 5 K (1 s TR 8 1 i s F s 2
HF 22 . SDOB il SRus %A I i B, i LA B2 (R R K. 44
i, DDOB 2 il S AS(H o R R R, 1 HLHC I B i fe] AR

PR, AR A ] TR 75 3R, FRATTAT DA BB D)4 AN [ () 4% 1) S s AT 459
P BOE A LR A R, Flin, —LN A T EA R R AL A
BRI ], B4 SA ¥4 SR B mT A it 2 P& & B4% i SR
2.7 KRE/LE

REWHFT DC-DC Buck A2 2% (1% H FEE T &, 4> 57 T Buck 48
A IPRAR RGBSR & RGEA . SRR TR ARG, #il T SA Al DA
Pt sEng, T AMEN R4t 7 SDOB Al DDOB %4 5m%, HoHritit T8

R 2-3 MG A AR, B4 S ) R PR N ]

Table2-3 The detailed results of the control strategies when load changes

2 ] TR s HLE % (mV)  PRENTE] (ms)

SA FE il A 650 15
DA 1% il SR i 500 70
SDOB % ifil| S % 750 65
DDOB il 5 g 740 150

PI 4 1] TR W& 700 160
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25 2 T DC-DC Buck 25 85 [/ 4 73 JE 28 11 47 il SRS A 50

K 2-4 GBI A AL, S s I E S TR e

Table2-4 The static performance of different control strategies

P A TR BT E Ti %
SA P il Feug 0.1450  0.1463 3.9224 x 10~
DA {2 il S i 02039  0.2045 2.4150 x 10~
SDOB ## il 5%  0.1575  0.1586 3.4301 x 10~
DDOB #%#5%H%  0.1400  0.1412 3.3382x 10~
PI il S g 0.1661  0.1672 3.5580 x 10~

*2-5 GBS KA, B IEH] RS sh S ke

Table2-5 The dynamic performance of the control strategies when reference voltage changes

2 1] S LT (mV) R E] (ms)
SA FE | A 900 30
DA {2 il S 400 120
SDOB # fil] 5 i 0 60
DDOB #%il] % 600 80
PI 7% ] SR 800 260
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VARSI Wy N W i ol 3 VR0

Tek L @ Acg Cornplete B Pos; S0,00ms Tek - @ Acq Cornplete B Pos; S0.00ms
- +
M 50.0rns M S0.0rns
a) SA ¥l S mg b) DA #&iill %
a) SA b) DA
Tek L @ 4cq Complete M Pos S0.00ns Tek Ny .j.cq Comnplete M Pos S0.00mms
+
A S0.0rms M S0.0rms
c¢) SDOB #% il S % d) DDOB #z il S %
¢) SDOB d) DDOB

Bl 2-10 DURhEz ] HEng T 1% FUE B0 (500 mV/div)
Fig.2-10 Output voltage (500 mV/div) of the four control strategies when load changes

ATHIRE i 5 I SEER HE — 22 23 Aok BT B Ve 1 DU 42 o) SR il 76 57 28
BHANS 25 B e AR AR 0 T it P IS P B S AN S PERE . SA I3 I SRS ANBLE 5808
JEARA B S 2 L AR IR B0 T 5 i R ) 38 58 A die PRI o 4 B B R
ARMTEDL R, DA 2 1 SRS g ) L R HE R B B /)N . SDOB J2 A SRS AE 225 1L K
AARAREE, i LV R . DDOB 48 ] SIS % H A P s 1 R AT
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25 2 & DC-DC Buck A 2§ 1) 4¢3k 3 2 1 42 il SR WG Tk 90

Tek . @ Acq Complete B Pos; S0.00ms Tek . .j\.cq Cornplete b Pos; S0.00ms
+
M 50.0ms 14 50.0ms
a) SDOB 5 iill 5K I b) DDOB #% ffil] 5 %
a) SDOB b) DDOB
Tek S @ Ao Complete M Pos: 50,00ms Tek i @ 4cq Complete B Pos: S0,00ms
- +
1 50.0ms 1 50.0ms
c¢) SDOB F il H g d) DDOB % il el
¢) SDOB d) DDOB

B 2-11 75 R IR 2R AR AL AR 0 T U b o) SREES 0 13 PR30 2 (500 mV/div) (a) SDOB #
] SRS PSRN FEL B +20%, (b)) 125 i1l S R R LR +20%, (c) SDOB 7 il Sl HL I AT 2
{H-20%, and (d) DDOB % fil] S HLJE AT HL 25 {E-20%

Fig. 2-11 Output voltage of SDOB and DDOB control strategies under variations of inductor and
capacitor, i.e., (a) +20% variations of inductor and capacitor using SDOB strategy, (b) +20% variations
of inductor and capacitor using DDOB strategy, (c) -20% variations of inductor and capacitor using
SDOB strategy, and (d) -20% variations of inductor and capacitor using DDOB strategy
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Fig.2-12 Output voltage (500 mV/div) of the four control strategies when load changes
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3-1 ZAH P T I R S s LB e

Fig.3-1 The working principle diagram of three-phase two-level grid-connected rectifier

1 1
Vae(r) = —RL—CVdc(l) + Euﬁq(t)idq(t), (3-2)
ﬁ\:qj idq(t) = M;jgciabc(t) = [id(t)’iq(t)]r» €dq = Mjgceabc = [edaeq]T’ udq(t) =

1
M o = [ug(1),u,()]7,J = R MO R .
10

SR A ) SR A Vi, o T T (¥ s SR ] ELLOL,
EX 3.1 MNTEHEH y >0 MRS
Xx(t) = Ax(t) + Bw(1),
y(t) = Cx(1),
Hr x(r) e R", y(1) Al w(r) € Ly[0, 00) 73 AR IR &, #6140 AN,
A, BRI C M RLE MR RE, 35T x(0) = 0 9 2

(3-3)

/M y(£)y(t)dt < y2/+w W’ (Hw(t)dt. (3-4)
0 0

Ma ARG HA H, VERETL v,
SIFB 3.1 X TI&EM4EEUERE M A1 S, WS eAT e

MTS+MST <0,
A2 24 HAUYAAAE 1B S « 115

1
kM™M + =STS < 0.
K
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Horb o RIERIE R A28 4 T DTt B ER L 2251 «), e B & A 4%
(3-7) REE U 7y 4 A I 22 YT ER A
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Fig.3-2 Adaptive voltage controller structure
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B4 wa(t) =0, lﬂfﬂ%é}ﬁ (3-18) W R EM, 24 wa(r) 0 lﬂﬂ%é}f (3 18) H
A Ho TERETT yao #E—20, B EWEAFRRIL, He ZEHEE RN ky =
MERA 2 wq(r) =0, 1&%%&@-4‘1&1‘]?%& kg 1A RS (3-18) Eﬁﬁ;ﬂ%ﬁ
16

FHFHER Y wq(r) # 0, HIFRRLE 3-18) A Hy, TEREF vao

SESL R, = yaha, L, = yalg F

Vya 0 O

Ta=| 0 ya O |- (3-20)
1
00 5
MR (3-19), 715,
“2l; hy 1 =20, K, 1

Ta| hg =ya 0 |Ta=| h, =3 0

1 0 —y, 1 0 -1
<0. (3-21)

FIF Schur #h5| 2, -+ (3-21) AT LAFRR A,

o

20w, | |1

+ <0, (3-22)

n, =2 |0
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2041 R,
<0.

’ 2
hy  —vy

I (3-23) FIH Schur #8513, AR (3-23) O, 4 HAN Y

=20+ 1+ (hl)*y* < 0.
T+ (3-21)-(3-24), " PLEH K (3-19) A
20+ 1+ hyy? <0.

RS

U7, R aE T T AR AR A K R A
Vg(t) = hdsé(t).
RIE RSt (3-18), ] LG 2 HEE: T 5K R £ 2L

Va(1) =2haeq(1)€4(2)
= —2hgk &% (1) + 2haeq(wa(t).

RIS 3.1, A5
Vo(t) < —2hdkd8§(ﬂ-+)g2h§s§(ﬂ-+y§(uu(0)%

TIHE X A R (3-18), A

J=£ (2(1) = ya(wa()* + Va(1))dt = (Va(e0) = V5(0)).

R (3-28) F1 (3-18), #] LR
J = / 3(0) = Vi (wa(0))dr
0

< / T (C2ly 4y R+ 1)EL (1) dt — Va(oo)
0
<0,
Xt R R RS (3-18) B Ho, TEEER v4.
FAL T e #3.2, A LA 3R ) e B,
EIE 3.3 xRS
Eq4(1) = —kyey(t) +wy(t),

yq(t) = 8q(t)~
_35-

(3-23)

(3-24)

(3-25)

(3-26)

(3-27)

(3-28)

(3-29)

(3-30)
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-2l, hy 1
hy -y, 0 | <0, (3-32)
I 0 -y,

WA w, (1) =0, MRS (3-31) ZETHIEE, 2 w,() # 0 FH RS 3-31) BA
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H., 028 B4 d 25 i 3-37 7 o
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Fig.3-3 H., current controller structure

EFE 32 BB 3.2 M 3.3 Wit U —4 He IS RIER i, M i, BeERER 2%
{6 i, A1 0o AEARTERE, AHEC TIOR8 1 U7, Ho $M007 4514 )
B, L ] AR 2 T R P R MR R B AN 5 AT SR A
SRR 33 FEIBHMEN TRERY 3-18), MINEIHIA wa(r) Bl y(r)
FIHL R EE Ga(s) = (s +kg)™' WL ya(s) = Ga(s)wa(s)o HSZ, Gu(s) HH2H
TIIRBIN wa(r) BIEEHE ya(0) BB S Ho PERERTLEAE Ga(s) < ya»
Xt BRE LB wa(r) BIFEHRH va(r) BIBCREECUN T — D IEE yao B
B, He PEREFRIRIRN. T RGEITINENRE ST ya BV, RGEWITITHPLRE IR
YT ER v, T 3.2 F 3.3% Ho, il 0] B 4 e LMI SR in) @, SEBR b, 3R
filR s R He TERESY, WDV BT T ) ) 8«
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min 7y,

st. hj>0, [; >0,

20 by 1 (3-33)
hj —y; 0 | <0
L0 -y

{52, FESChrs TREPA B D ER BRI He TERES, BUNR/NA Ho, TEREF
M RO KRR .

34 fFEZ

FEA/INT, K40 FH PR 2E 45 SR 3 UE I 24 1) S s 1 20512k o
HLER S ENR3- 1. SH—HTE, KB E &N Hy, 725 5 5 Sk
[111]ESO-SOSM [P #5 il S mE BEAT X b, DAESR /R FrfE SR ms e ek o . 58 — 28475
FLIR I A7 L0 UF i 45 1) SRS 1 PR R IR e 70, BTN DIZR %% AN O VAr 28 E) 15 kVAr.
FEEE A SN, R Ie IR BT R ) R 1 S
*3-1 HEESH

Table3-1 Parameters Used For Simulation
95 A R AL

Je 10-10° FFRAZ, (Hz)

R, 30— 60 fE R, (Q)

C 3300 B, (uF)
L 2 AZLI L, (mH)
w 100 AR, (rad/s)
E 400 HLI 26 L, (V)
Vi 750 ZHHIE, (V)

3.4.1 £—HAE

B — A5 EIRUEFTIR I H &N He, 725 SE0EAH B T ESO-SOSM 5 il S i AR
. (AR, Bk [111] , D4 UE ESO-SOSM 2 il S 1 14 G AR
T PLEH]. Sk BEEAE ¢ = 0.4s BT H AT 60Q, SRJGTE ¢ = 0.8s Y,
BALE] 30 Q, TLINTIRKE N 0 Var. B THIEHISEINR 3201758 .
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PR A2 1) SR (P N PR () B A e B a0 I 3-4 7, BT DA HE AN 428 o) SR s T
Retf Tt R RIS 2 . (H2 9 BRI, o A2 i) S B AN S ey )9 18 B2
P BRI ERDN, wE3-5FR.

ML ig, HIBHASIE N0 E3-6 F1 3-7TR7, PR SRRG AR R I T BT 1) 3)
BYERE, FRAE iy PTUAEH i, BB TE 0 A, XHLEIRE LU IR M E 0 Var, &R
G DI HFECN 1.

A FHEH I i, IR e, MBIEWIE] 3-8 FI3-9F/~. Al KB FRZ 67
FHRRERS RAE B i, FIHLIE e, A FIARAL AT (ER HIAE RN He, 35 0] 58 B 1) e
J A (THD) (2.04 %) fk T ESO-SOSM % il 5l i) THD (3.32 %), 4/ 3-10ffT
o A, BE3-11ER T E G N 2 Bt 28 .

% 32 =S

Table3-2 Controllers Parameters

e TR v
— 5 6 _ _
ISR HL, 6] e n=35x10 Ya=7v,=02
k=5 kq =k, =21.5052
ESO.SOSM iz £ = 204 P2 =264x100  da=2, =18
ﬂdc=1,adC:110 a/d:a/q:]z()
> (a)
< 100 *
% - Ude
S - = = = Udc
S s0q ,--" PO 7
= l’ 745— : ‘
T ot 04 ., 06 08 i
s 0 0.2 0.4 0.6 0.8 1
Time(s)
> (b)
Z 100
q) *
% ! Ve
S = = =Udc
S 500t ,--' 150 o oo
£ 48—
T 0 . 04 , 06 .08 |
s 0 02 04 06 08 1

Time(s)

3-4 vge HIENZSWARE (2) ESO-SOSM 2 50K, (b) HIER He, $2 ] 5%
Fig.3-4 Responses of output voltages v,. (a) ESO-SOSM control, (b) Adaptive H, control.
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752 -
‘ Vg
751 4 ===v4. of ESO-SOSM control H
= = =vg4. of Adptive H,, control
S 750
[¢D)
& 749
©
>
E 748-
T
8 747
7460 08 08 o084 .
745 1 1 1 1 1
0.3 0.4 0.5 0.6 0.7 0.8 0.9
Time(s)
K 3-5 EGEMN R, 0 QAF] 60 Q 1F t = 0.4s, X522 F] 30 Q 1F ¢ = 0.8s PAFHEHIHHE vy K
B e B

Fig.3-5 Responses of output voltages of resistance Ry stepped from 0 Q to 60 Q at ¢ = 0.4s, and then
to 30 Q at r = 0.8s under both control strategies.
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Time(s)

Kl 3-6 iy NS (a) ESO-SOSM #5 il 5B, (b) HI&E M. H., 15 SR B
Fig.3-6 Responses of output voltages v,4. (a) ESO-SOSM control, (b) Adaptive H,, control.
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Fig.3-7 Responses of quadrature current (a) ESO-SOSM control, (b) Adaptive H, control.
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Time(s)
K 3-8 i, e, MBI N (a) ESO-SOSM #% #il 5M%, (b) HIEMN H., 155 il 50

Fig. 3-8 Responses of input current (i,,) and grid voltage (e,) (a) ESO-SOSM control, (b) Adaptive
H,, control.
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lq

5 : ‘
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Time(s) Time(s)

(b) (d)
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—
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“’ - -

= = =0.0357,

—

= = =0.035v,

—

i0(A),0.0350,(V)
o

2(A),0.0350,(V)
o

L = _5 L
0.35 0.4 0.75 0.8 0.85
Time(s) Time(s)
K3-9 i, M e, BIZHASIRE (a) ESO-SOSM #2455 I%, (b) [ 1& M H.o, 125 S 1%
Fig.3-9 Responses of input current (i,,) and grid voltage (e,) (a) ESO-SOSM control, (b) Adaptive
H_, control.
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Fig.3-10 THD of input current (a) ESO-SOSM control (a) ESO-SOSM control, (b) Adaptive H.,
control.
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Fig.3-11 Responses of adaptive law of the proposed strategy.
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Fig.3-12 Responses of instantaneous p and g
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Fig.3-13 Responses of input current (i,,) and grid voltage (e,)
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Fig.3-14 Responses of direct and quadrature current iz, (f)

(@)

0
-5
_10 1 1 ;
0.2 0.4 0.6 0.8 1
Time(s)

B 3-15 B R i 25 W 87 b %

Fig.3-15 Responses of direct and quadrature current errors
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Fig.4-1 Three-phase three-level neutral-point-clamped converter
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HF ves = [V, vplT REBIFEHE, uapy = [ta, ug, u, )T ZIEFIHIA
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Fig.4-2 A flowchart of the proposed control strategy
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04 = vq€qé
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Fig.4-3 The control structure of instantaneous power tracking loop
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Fig.4-4 The control structure of voltage regulation loop
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bk AP R IE 20
¥ (4-45) R 4-34), W15
Xy = —kpxy + ég‘(t), (4-46)

Hrb ¢ (r) RAMRZMEAIB . HeF3CHR [110], WIAFUR SRR He #2505
fro MTEEMEL o0 WMRAFAEIEIE L wy, A jp, G

2wlb * 1 %Jf;] <0 (4-47)
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*4-1 HEBRSH

Table4-1 Parameters Used For Experiment

E2Y S = ¢ N X VA
FFRME f. 11.2-10° Hz
HMNEE e 400 \Y%

F L 1.2 mH

E C 1100 uF
gkl R, 12060 Q

ZE/RIL x) 750 \%

% 42 IS

Table4-2 Controllers Parameters

P SR BIES N2 VAR TREERN HL T A A
k,=1.6%107,
k, =k, X
e k,s=0.15 L=[-0.8701,-1.79 x 10°]"
PRzl sms y, = 8.0+ 107
Yp =%Yaq
Emp =5.0% 107
1=20%107  k,=1.08%10% 0=4.5
Emp = Emg
kpp =3.54%107
o kys=0.12 kpp =0.15
PLEEHISKIS &k, = k,,
kip = 3.54 %1072
kiv =5 kip =3
kip = kiq
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Fig4-6 A laboratory prototype of three-phase three-level NPC power converter
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Fig4-7 The grid voltage, (a) Three-phase voltage, (b) The THD of v,,.
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Fig4-9 Responses of capacitor voltages v.; and v.,, (a) The proposed control, (b) PI control

-58 -




55 4 A = L NPC R T A5 Y [0 IV 342 11 SRS B 9

(@ (b)
760 10—
||I'|UilI 'r‘l"’\nlﬂ rllllﬁ\.}ﬁm‘ll"humrﬂﬁhw ﬂhI - — — X2
S0 3
i N ‘ 0 i
T | ek i
700 E— -10 ‘
0 0.2 0.4 0 0.2 0.4
Time(s) Time(s)
(©) (d)
760 . 10
H"q\f'\“v't I’\Mq Pmﬁflqﬂhfjwh‘l’.#ﬂl‘}'rqn"{ll — —* — X2
£§-740 o "|'?""" R ;§ I h AN J
l ‘ ﬁ“ﬂﬂ“ i
E?zo ] Ig‘ quﬁ‘m"}‘l., MM uﬂ
700 i I -10 ‘ ‘
0 0.2 0.4 0 0.2 0.4
Time(s) Time(s)

B 4-10 FZ F e MR R 8 L TS 22 ZE R B ASEINE (a A b) FITHR %1 SRS, (¢ AN d)P 47 il SR
Fig4-10 Responses of the sum and difference of capacitor voltages x; and x,, (a and b) The proposed
control, (¢ and d) PI control.
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Fig4-11 Responses of active and reactive power p and ¢, (a and b) The proposed control, (c and d) PI
control
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Fig4-12 Responses of grid voltage e. and input current i, and the three phase current, (a and b) The
proposed control, (c and d) PI control.
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Fig 4-14 Current harmonic spectrum, active and reactive power and power factor, (a and b) The
proposed control, (c and d) PI control.
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N T IEEB GV, B IR vope IS H RS, R R
BN (THER— BN IRD. ZAHLIE vape 1TBARRA:

Vabe = Vape + Vapes (-1
IEFPHEN
V*sin(wt + 6%)
Vabe = | V¥ sin(wt + 6 - 27) |, (5-2)
V*sin(wt + 0% + %n)
B L N

V= sin(—wt +67)
Vope = | V7 sin(—wt + 67 + %ﬂ') , (5-3)

V= sin(—wt + 60~ — %n)

Hor o MR AHE, VIV FoRIEFMGA T B RTEE, 0+ F1 0~ 2 55 A
B HL S (IR AR A o
HMH] Clarke A2, HL LR AT DL e

Vap = vgﬁ +Vop

_ | cos(wt + 6*
=V* ( ) (5-4)

sin(wt + 6%) sin(—wt + 67)

L1 [cos(—wt + 9)} ’

Hp Vig = [vj;,v;]T i Vg = [v;,v[}]T.
FRPE SCHR [39], AP N RG2S af i b AR R T RIS T RE ] RN N

Al =y Vdcu ri
dt - af 7 aB — I'tap,
d (Vac\ _ vae 1. Vae )
i\ 2|7 2 el TR,
Hrbiyp /& aB BHIEAAFR R T HREMBT, v 72 B H B .
5.2.2 =HIBFR
BT OCHR (541, A DID MDY Z0] 5 H:
P = Py+ P, cos(2wt) + Py, sin(2wt), (5-6)
0 =0+ Q0 cos(Rwt) + Qo sin(2wt), (5-7)

y
+H
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v v i LS AR dg TS5 HERE SRR 1 IE Y o o fb P A R FBAL, v, v, £
i Sy dg TEISE e AL AT T 0 55 L el JR AT R B, N T R/ (E, Ak sp
YL I RGO RIS 0 RIS Th a5 MR AR £ TE 56 -

M3 (5-8) FTLLE th il TR R T, AT ATE IR A1 2 59010
W, B TR AR, R A R S T T DDA DT 2 (A
SN, [, R MR, IR ST R R ST
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W AR 2R T 3500 7 P BT ER 5 (85l 0 o T 1 8 S AR i, A TS
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Qc» = n3cos(2wt) — 14 sin(2wt), (5-13)
Qs> = 13 sin(2wt) + 14 cos(2wt), (5-14)

Hrp

M = Valy + Vg + V05 +vgig, (5-15)
M =Vl — Vi, = Vaip + Vi, (5-16)
M3 = —Vylg + Vi, = Voip + Vi, (5-17)
M =Vl +Vaig —Vyie = Vg (5-18)

BT (5-9)-(5-18), AW~ =Fhdzbl Hbx.
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Table5-1 Proposed cascaded control structure
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Fig.5-2 Laboratory prototype of the three-phase two-level power converter
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Table5-1 Parameters Used For Experiment
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Table5-2 Parameters of the control strategies
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Fig.5-3 Unbalanced grid voltage applied during the experiments
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Fig.5-5 The responses of three-phase currents and active and reactive powers under different load
cases with & = -1, ¢ = 0 and ¢ = 1, (a,b): Only active power load case, (c,d): Only reactive power
load case, (e,f): Mixture of active and reactive powers case.
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Fig. 5-6 The responses of grid voltage, three-phase currents and active and reactive powers under
different power factors.
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Fig.5-7 Grid current and tracking errors when the reactive power changes from 0 VAr to 8 kVAr: (a)

PR controller response, (b) proposed controller response, (c) tracking error 7,, (d) tracking error i, 8-
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Fig.5-8 Grid current and tracking errors when the grid frequency changes form 50 Hz to 49 Hz, and
then to 45 Hz: (a) PR controller response, (b) proposed controller response, (c) tracking errors i, and
fﬁ for the PR controller and, (d) tracking error 7,, and fﬁ for the proposed controller.
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Fig.5-9 DC-link voltage and current waveforms when the load changes using the proposed and the
PI controller: (a) DC-Link voltage, (b) grid currents for the conventional PI in the voltage regulation
loop, (c) grid current for the proposed P + STO controller in the voltage regulation loop, (d) detail of
the grid currents for the conventional PI solution nd (e) detail of the grid currents for the proposed

controller.
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RHLE, SRS IR N . JEILEE I R — A IR, e
B3 A5 8 PWM VR I 722 2 A i 4 B R 0, G o I A B R M R
BEVR . i 28 5 BALHE = FRKE LR, LC LRI LCL 1231241 | TRy 44 2 g
IR, PR, (ER R U U O R ORI, T A B I £
W, B AR R SR S I R G AR R AR, IR R L
L[, T LIS 2 84 PR 1 PR 5 0 R B A T A S PR . LC R
LCL BB 280G IR i S B, AT DURIT (0 JE IR R B I 0 o0 d . AN
S B 1 P R T SIS PR R WA T VB A I AR R B A . S, L
IR LCL BU7EHE MBS R SR, i LC B3y 38 % I FHAE B A R o A Ef L)
AR T FE YR LC R A S AR T G, R AR M 7 S g A b 4
WS . B 7 [ M A b 2R R ST AR E T LC R AR 58 AN 5 T R G
KT RGMAL, FI SIS I R e A H s MR SR, SRS R R 4 v
o B L PR 2 L 0
6.2 ZHHREB LR ER

ARG HE PWM S S (R 4N R 6-1 2) B, Hoop vy N ELTOIBES:
I, Ly FCp 4B BB AN IR B 2%, A A LR 2t 13, BT
DU ARt 51, WfEl6-1 b) . ARSI BIE voupe BRI i ape 7E
dq 5 WG AR 2 F AT R Ay 81

1 1

\./od = WVyg — _iOd + —l ds (6_1)
q CfO CfO f

) 1 . N 1 . 62

Vog = —WVoqg — —1,p —iry,, _

q d CfO q Cfo fq

: l - (6-3)

lfd = =7 Voa T+ WI —Vid, -

f LfO fa LfO
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“Fech
L
VT, VL[ VT [ Y oo Yoo
" if, [%b o
— v " ‘ o
— dc MmN g p ch >Y YY) [ L ,UOC -
vr,|  vn| v o L L
hap
a)
Ry Ly L,
+__ >
nl__Rnlg
—tYY Y\ * -
(1) (2)

b)
K 6-1 (a) =AHM RIS SR AR FN ARG I, (b) WA T3 (1) 2otk 7ak, (2) AR idk
Fig. 6-1 (a) The three-phase two-level power inverter with an LC fither (b) The load of the in-
verter:(1):Linear load,(2) Nonlinear load

ifqg = —Lifovoq —Wipg+ Lifoviq, (6-4)
HA Lpo M Cpo /& LC PEB VAT FIARFRE, w 2 FD BRI AEE, €
AT CAYE L LR I s v 1 iy 075 28 AT ol FE RN R PR, 1 A
ISR, vigg RPRBIIMABE, BIFRERRIN, iy, 2R R, BEER
iR
E RIS A G (B-175)-(B-178) NIFAZ G HUBSARIE R, A 25 FEE HL K
AR R ETE. SR, ESERRR T, BT R A R SE PR A BRI W] BE &
A2, i

Lf = Lf() + AL, (6-5)
Cf = Cf0+AC, (6—6)

L o A Cpo 43 B MR 25 HOBRFRA, AL A1 AC 4 B 2 Fh BRI o 251
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FNERIAST E PERR 7

AR H AR S AEAFAEAN R TRBN N R G S EA E 1 DL T Bt — N2 i SR g
P HRIE voa, BHSHAE v, WHUE R BEEIRZE x = vog — v,
Xy = Voq = Vi, T 0o

BRI, Oy 7 7 42 SR mE i, AR (B-175)-(B-178), A& U1 T i3]
BRGN:

X :a)x2+a1x3+a1d1, (6-7)
X = —wx; +ayxs +ad,, (6-8)
X3 = —dyX1 + wxy4 + aru; + d3, (6-9)
X4 = —A2X7 — WX3 + AUy + d4, (6-10)
Hor
1 1
a,=—,a, = —,
YT Ch’ T Lo
1 lod ACroisa
di=—(- + )
a Cf()‘FACf() Cfo(Cf0+ACfo)
1 AC 1o
dy= —(— log + S0l fq )’
ar Cf0+ACf0 Cfo(Cf0+ACfo)
d _ ALX] ALf()I/tl
YT (Lpo+ALp)Lyy  Lyo(Lpo+ALyo)’
AL)CZ ALf0M2
dy

" (Lyo+ALso)Lso Lyo(Lyo+ALso)
M EFTRIL d) R dy B8 RGN E TR L S8, ksl ds 1 d,
NEE RGEAHE -
6.3 1=HIRERIEIT

AN R YR A B8 BT (B-181)-(B-184) A% H ARt — AN T 40300
285 R T A 4 ] SRS SR A i) = AR PRSP AR 2% o 1 R FH AR 0 I 2% R Ak
RIS d) M dy, SRR di A0 dy B THE BT AR 0 Vi AR i SR AEAFAE I BN ds
A dy TG0 VR 550 H L e o P B4 1) S P 4 ) 45 M AE B dn Pl 6-2 s . T TS
g BRI BT AR
6.3.1 I TR+

RIE ARS8 (B-181) 1 (B-182), Wit N IS WL 28

A 1
dy = a—(fl + Aixy), (6-11)
1
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+ 3 iabc = Uabe
vdc c ‘{ /% % > T > ﬁ\[ :éj_(;

6 LC e o8
d ..
g (4, 2]
[ul u2]

ISMC Ve R DO

Pl 6-2 P 2 ] SRS £ 47 ] 4 4

Fig.6-2 Proposed cascaded control structure

A 1

dy = — (& + axa), (6-12)
a

&= -2 (wx2 +aixs +ad)), (6-13)

& = =41 (—wx; + arxy + ardy), (6-14)

~

di Bl dy 7 dy Rl dy WISTHE, & R & S hi AR &, 4 A, Wi

o
B B

AR ZE d) = d, - cfl Mdy=dy—dy, FI1FUITHIEIH
5138 6.1 BN d) F1 &y NHFECEE AR T4 MM NEEEE 4, > 0 Al
A, > 0, AWM ES (B-185)-(B-188) Ret Al tHHL3N ) M dy, fH1FAL TR 2 2
I di < & LI || dy ||< €2, 31 &, Fll &5 & IEH AL
WERR R X (B-181) Al (B-187), AJ7530 (B-185) HIS%4:

A 1 -
1= —Ad;. (6-15)
a
RENE d, TULRIRN:
B . 1 -
dy=d, — —Ad,, (6-16)
aj
Hbd, 2 d, S
[FFEHL, Arf8 R g
X 1 -
dr = —Ards, (6-17)
aj
A
dr = dr — —Ard,, (6-18)
ai
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Hv d, 2 d, FISH
KR 7RG (B-190) Al (B-192), Mi&Eun T WIZEHEE 08 R R 2L

Voo = dl,Pd, (6-19)

Hvdy, = [dy,do)T, PREIEEME,
ZEHEE 1 TR PR L (B-193) B FECA

Voo = d(ATP + PA)dy, +2d1,Pd), (6-20)
-4 0 | - : ,
Hrr A= cdip = [d, )" R || din 1< €0 BRI A A1 A, Z1EEL, FrbA
0 -1,

RAGFE N Hurwitz F6 [ . #t—20, A DLERBIE B HEFE W i L .
ATP+PA<W. (6-21)
= (B-196) 7] L5 ik
Vob < —dTZWle + Zdepdl%
<-nlldn|P+2 11 dpllll Plle (6-22)
Hod g M W /NS IEE. K, LUK TR ZE d, 28 1. 0
SERR 6.1 AP0 AR AR A (B-181) I (B-182), 5IFR6.11% 1T T —ANLah Wil 28 4 5k
Ttk d) M dyo SCFBs b, WRIS) d) F1 4, & —MEZN), e H FECH 0,
B2 I 8 5k O] LAET I R Ah a0 do o WRIMBEIE2S A, AT A, REAS TR ZE T
WSS
6.3.2 TREM T
TE XU BRI ARAR &

t
o =c1x]+¢3 / X1dT + wxy + a1d; + arxs, (6-23)
0

t
Oy = CyXo + 04/ XodT — wx| + alcfz + aixy, (6-24)
0
HA ey, e, 03 LI ¢y R IR EL, 115 2 T2
s%+clsl + c3, (6-25)
s% + a8y + Ca, (6-26)

+& Hurwitz 2 € 1 »
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BT AP R B (B-197) F1 (B-198), R4 H R4 (B-181) Ml (B-182) HIf&
et e,
EIE 6.1 £XTIH AR (B-197) AT (B-198), #HAFAEIERIHEL 1, ca, ¢3 Al ¢y fHi1H 2
Tz (B-199) A1 (B-200) /& Hurwitz F2 2 ¥], IBA M R4 (B-181)-(B-182) 2 H 5t
FE o
MERR RGN A AR IR

01 = C1X1 +C3/0zx1d7+wxz—ala?1 +ajx3 =0, (6-27)
01 = CaXxy + C4 /Otxzd‘r —wx; — alcfz +ayxs =0. (6-28)

¥ (B-181) A1 (B-182) fLA (B-201) A1 (B-202), ] 14:
X1+ cixp+c; /Otxld‘r —ad; =0, (6-29)
Xo+Coxp + ¢y /Ot x2dT — ayd, = 0, (6-30)

B A 5 s

i1+ ek +c3xy —apd, =0, (6-31)
Xy + Coky + C4xp — aydr = 0. (6-32)

ESHHPIRSA R 7, = x1, 20 = %1, 23 = X2 AN 724 = %50 3 (B-205) F1 (B-206) A] %
NN

:=A'z+ B'd, (6-33)

ﬁ;l:':l zZ= [Zla 225435 Z4]T9 Jl2 = [dl’d2]T’

0O 1 0 O 00

—-c3—c; 0 O a; O
A, = ’B’ =

0O 0 0 1 00

0 0 —Cyq —C) 0 aj

M (B-199) Fil (B-200), A& HHRE A’ 5& Hurwitz 55 F%F .
= (B-207) HIfE 0] 5 i

t
z=e""7(0) + / eV IR d hdr, (6-34)
0
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Hrp z(0) /2 z FPIIRIE.
iﬂjg_fu/':’ HM%"

t
Iz Il =l e**z(0) |l +/ | ¥ B'dy, || dr
0

t
=l ™" |I1l 2(0) |l +/ e D11 B Il da || d.
0

RN Z s (B-199) 1 (B-200) /& Hurwitz f25E i), w15

I e lI< ke,

Hordr o A1 B AR IERH HL.
FIF R (B-210), =0 (B-209) A EKRA:

t
Iz Il < ke || z(to) | +6/ ke PO B || dt

0

_ Ke  _ ,
= ke || z(10) |l +F(€ P-DIB .

Kk, "ATEH ||z, V>0, HdF 9 >0 KNNBRT «,6, 8L B |-

(6-35)

(6-36)

(6-37)

O

R 6.2 ehbr b, HHEZ TR (B-199) 1 (B-200), AJ15 RS0 EHRFZE 0,y M w,n

LA BHJEEL & F1 &5,
Wn1 :\/C_3, wn2:\/c_4,
_al el
f] - E\/_C_:;’ 52 - D) \/C_4

BB, RGN,

Wp1 = Wy (4E} — 4E2 +2),

W2 = Wy (464~ 4£2 +2).

(6-38)

(6-39)

(6-40)

(6-41)

T T8 AR F G (R L RERR PR, RN K 98 0 & S EUR SEIR L R, X

75 LE A RRURR
6.3.3 BRITHIZF It

ARG BT AN IR 1] 2 DL OR UE T AT A BRI 1) ml ak 4

EIE 6.2 RBAFAEIER REL 1, co, c3 T o A ERE 6. 1L BTt T BT ARLSE

il 4%,
Uy =up +Uie,
Uy = Upp + U,
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Hrtun, M oy, ARG AR ATESH A w1 M o, RAEH B HARESHL T, B0
AN

1 o
Up = [a1a:x) — ajwxy — ¢ (wxy + ayd; + ax3)
apa
— w(—wx; +a1cf2+a1x4) — ko = c3x1], (6-44)
1 o
Usp = [aiarx, + aywxs — cr(—wx) + ady + a1xy)
aan
— w(wx, + a,d, + a1x3) — koo — c4x2], (6-45)
ui. = —kssign(oy), (6-46)
uie = —kysign(o), (6-47)

ok ko, ks I kg SRR, sign() G HE. W4, WAL
A RIS ] N IS 2 IE AR (B-197) A1 (B-198).
JERR %f 30 (B-197) A (B-198), RFA[15:

01 =C1X1 +Cc3X1 + WX, + alcfl + axs,
=c1(wxy +axz +a1dy) + c3x; + w(—wx; + aixs + a1d,)
+ alcil + ai(—arx; + wxs + aruy + ds), (6-48)
0y = CoXp + C4Xo — WX + Cllciz + a1xy
= cy(—wxy + ayxy + ayds) + caxy — w(wxy + ayx; + aydy)
+ Cl]Ciz + aj (—a2x2 — wXx3 + aruy + d4) (6-49)

PG AN T A2 A v R PR AL

1, 1,

= 50'12 + 503 (6-50)

Vs
FIFH L (B-218) A1 (B-219), ZEfEE K B SEON

Vis = 0101 + 0202
=o[c1(wxy + aixs +ardy) + w(—wxy + a1x4 + aydy)
+ c3x) + alcil + a1 (—arx| + wx4 + aruy + dz)]
+ o [ca(—wxy + ayxy + aydsr) — w(wx, + a1x3 +ad)

+ C4X> +alc;2+a1(—a2x2 — WX3 +a2u2+d4)]. (6-51)

30 (B-212) A1 (B-213) R (B-221) A48
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I IR Tl R 2 T A il AR S
Vss = 0'1(C16l1d1 +CL)CZlCZ2 + aldAl + Clldg - k10'1 - k3Sigl'l(0'1))

+ 0'2(C2a1d~2 - wa1d~1 + Cl]éj\z + Cl]d4 - kzO’g - k4SigIl(O'2)). (6—52)
3K (B-189) Al (B-191) LA (B-222) Al 13-

Vi = o(crardy + waydy + A,1d) + ad3 — kyoy — kssign(oy))

+ on(crardy — waidy + Aads + ardy — koo — kysign(o))

< —kiof + o [(cra; + A1)e + a 183+ wa, &, — ks | o |

— koo + o[ (cra;y + A2)er + arey — wae)] — kg | 0 |, (6-53)
HrA RS ds M dy 68 |ds| < &3 AT |dy| < 40 AT LAEFES B E ks > (crai+4)) e +
a\e3 +waie; LI ky > (cra) + )&y + ajeq — wajer, (RIEZEMEE K R H (B-223)
NT, MR R G AT TE A FR T R) Bk AT O
FRE 6.3 T B HIAERHR I, Bk TN EHIR,  wT UR A o 2 A
BT AL
1, if o; > p;,

sign(o;) = %, if —pi<oi<p,l€ {1, 2} (6-54)

_1, if o; < —Pis

Hrp p; BN IEREE, ATREL TR
6.3.4 1=HI R ITSR

JIT 475 1] SR W] 4% R T P SR EAT B

o Step 1. W& AR 25 (1% Hh o R AT FRR IR . R PARK A8, 7 1048 3%
TE[FID iR A bR R R AR (B-181)-(B-184).

* Step 2. I ILEVLIMEE (B-185)-(B-188). ARHEIFFR6. 1L F WM 25 1 S50

o Step 3. HESZIET LN MIES AR 73 T oK £ (B-197) AT (B-198). AR IE
FE6.21% FE I 35 1K S 40

* Step 4. @ THIAIER ﬁ«wQ,ﬁﬁmﬂﬁﬁﬁ%wzmﬂmBma i
PEH 2R S BRUE T T R B AU R BN T %o 1 R 2 4% *%ﬁ&&ﬁm
BHIR,  DRLH AT DUIZE T 38 42 ] 25 48 28 JF L8 R G B o 455 1) 28 18 & 1) 16 600
Bk Z ki i

* Step 5. F|] PARK #4531 PWM il #IF A, FeAmiBssmiiztiGEGs
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* 6-1 WA RS AL

Table.6-1 Nominal Parameters of the inverter

4 FR 5 HE A
TFRIA fs 10 kHz
TR R JRK L;jp 20-10° H
TEP A Cro 50-10° F
HINFHE Vin 700 \Y%

ZHEBIEWRE  vies 200 \%
AR Ry 60 Q
—MmEEE L, 20103 H
L EM BRI Ry 120 Q
ekt L, 20-10° H
JELMEME B Cy 22-103 F

#* 6-2 #wilZH
Table.6-2 Control Parameters

5 1] SR W EHIE 2
i HRER kep =8.5% 10%,k,; = 3.6 X 10°
PI 4% il S W
Wﬂ: kip =4.2X 105,kl-l-0 =9x 106
E R WIE =1 =6x10°
C1 262:4X103,
OBIS % iil] S g X c3=c4=5x10°,
FR AT M s i 2%
ki :k2:6><103,
ky=ks=02

-91 -




6.4 \HEZ%

AN, N E I P LA B S SR I UE BT PR ) SR A A . R R R S
BE 6-1F17R .
6.4.1 E—HFE

AR BB R8I DL = FhAS [F] 57 B Ron L 28 LR AP P 428 i) SR B A i $i2
5 i SR WS TR PR R 22

o A ZHHXIRR AL

o B. AR

o C. IELRMEM L.
6.4.1.1 =HEF& R

AU E, FASE R % BRI B E A 200 V, AN S EAR B k. W
s i) SR (42 1 S EL WK 62T 78 o A PHT IR 10 MU TE I WTEI6-3 2) A 6-
3. Bl 6-3 a)fl 6-3 b) 2 AR 4 1% H B, A EIRT UE H 7 R i) SR s 10 e
VAT H R S . (B2, FTHER0 OBIS 21 S0 N8 7E 25 HE /2 Ty 1 3%
THEETTIRZEA L PLISHIRIE /N, W 6-3 ¢) Ml 6-3 )R, A EAEAEN
i), B OBIS #% il S msf i i ik B R S5/ 554h, OBIS #5 il SR 1)
1) THD 1N 0.25%, 1 P12 SE0& N 0.6%, H1El6-3 e) Al 6-3 DR .
6.4.1.2 ZHEAFERE

ARURAR ., WER A R IR 1 BN 200 V., B3 -7 £ 3838 1 AN~ 47
B (C AT . M S EORFFAAS . P28 1) SRS 1 P, P P AT I T P T sl 6-4 o
o E6-4 @)A1 6-4 )2 =AHHFRIBIEE, MEIFRTEUE H Y C AW G =AM
TASTEXTFR, AFLIR PR 2 o] S A7) SR 0 R R 19 i o P R R AR, i El6-4 2) AN
6-4b)Jfi7n. M 6-4 ¢) F1 6-4 d)r] LA tHARXS TP 48, AN P45 5 80N H R oy
RESRKT o B, NIRRT A FA-FE#E AERMEN T, AR OBIS &5
WS P FE % 22 B L P 4% 1) SRS IR R R iR 22 /e 340, MEl6-4 €) Fll6-4 £), T
& Y OBIS 2 1| S W& 4 FELIE ) THD (0.25%) tHEE PT 47 il S0 () THD (0.81%)
fik.
6.4.1.3 FELEMELaE

AU E, B4 R IR 1 BN 200 V, S0 = A AT f B A% 0 1
6-1b) (2) Firn. #EHIZEIRFFAZL . IE 6-5 a) Fil 6-5 b) ] K AR LE T P17 57 2 A1
AP E, RN N R R R AR T R E A, M AT T A
NLF) THD A2 KT, JUHJE 54k, 7k, 11 M 13 YO8 E R, 548
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Fig.6-3 Case: Balanced load case: Left (a,c,e,g): PI control strategy, Right (b,d,f,h): OBIS control
strategy.

-03-



(0] (&)
g 2
= =
S S
2 3
: - -
¢ 3
a)
6
4+
5 21 S
Lo (0
2F
4 !
0.45 0.5 0.55
Time(s)
c) d)
Fundamental (50Hz) = 204.1, THD= 0.81% Fundamental (50Hz) = 203.2, THD= 0.24%
= ‘ T ‘ T 01F ‘ ‘ T T
© —
504 g
£ % 0.08f
§ 03r 2006t
p=}
LL L
502 5 0.04
S g
501 I 2002}
= 0 ‘I‘H|\mu jull ‘ u‘.\ ‘ FRT AR I = 0
20 30 40 50 0 10 20 30 40 50
Harmonic order Harmonic order
e) f)
4 4
5 2| B 2|
5 5
O o © o
5 5
a =
5.2 S -2
@] ]
-4 ‘ -4 ‘
0.45 0.5 0.55 0.45 0.5 0.55
Time(s) Time(s)
g) h)

6-4 AP REL: - / (ac.e,g): PLEEHIZERE, 41 (b,d,fh): OBIS %l 5%
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-Apéndice A: Resumen y conclusiones en espaiiol

Hoy en dia, los problemas de la contaminacion ambiental y la crisis energética
han causado problemas a la gente. Se estd convirtiendo en la solucién favorable de los
problemas anteriores utilizar las fuentes de energia renovable como la energia edlica y solar
en sustitucion de las fuentes de energia tradicionales. Sin embargo, la alta penetracién de
las fuentes de energia renovable en los sistemas de energia también dard lugar a problemas
de estabilidad y calidad de la energia debido a la caracteristica estocdstica de las fuentes de
energia renovable. La microrred, que puede operar tanto en modo conectado a la red como
en modo islefio, ha sido objeto de una investigacion exhaustiva para resolver el problema
de la integracion de fuentes de energia renovable. El convertidor de potencia como interfaz
entre el fuentes de energia renovable y la microrred debe integrar las fuentes de energia
renovable en una microrred de manera eficiente y econdmica, incluso en condiciones de
tension y carga desequilibradas.

En las dltimas décadas, debido a la importancia tanto de la teoria como de las
aplicaciones précticas, el estudio del convertidor de potencia se ha convertido en uno de
los focos de investigacidn en los campos de la electronica de potencia y automatizacion.
El diseno de la estrategia de control del convertidor de potencia es una investigacién de
estudio importante del convertidor de potencia. La estrategia de control como nicleo
del sistema de control determina directamente el rendimiento dindmico y estdtico del
convertidor de potencia. El sistema de convertidor de potencia es un sistema no lineal
tipico. Sin embargo, la mayoria de las estrategias de control del convertidor de potencia
estdn disenadas en base a métodos de control de linealizacion, lo que hace que el sistema
de control sea sensible a las variaciones de los pardmetros del sistema, la velocidad de
respuesta dindmica lenta y el rendimiento deficiente en estado estable, etc.

Por lo tanto, con el fin de mejorar atin mas los rendimientos dindmicos y estaticos de
los convertidores de potencia, esta tesis ha estudiado el diseiio de estrategias de control
avanzadas para varios convertidores de potencia tipicos que utilizan enfoques de control
no lineal. Segun el contenido de investigacion de la tesis, se puede dividir en tres partes:

* 1) disefio de estrategias de control no lineal para convertidor de potencia reductor
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DC-DC;

* 2) diseno de estrategias de control no lineal para rectificadores trifasicos;

* 3) diseno de estrategias de control no lineal para el inversor trifésico.
Los principales resultados de investigacién e innovaciones de la tesis se resumen a con-
tinuacion.
1. Diseno de estrategias de control no lineal para convertidor de potencia
reductor DC-DC

Se han propuesto, comparado y analizado cuatro estrategias de control para con-
vertidores buck DC-DC: una estrategia de control adaptativo (SA) de lazo tnico, una
estrategia de control adaptativo (DA) de lazo doble, una estrategia de control basada en
observador de perturbacién de lazo tnico ( SDOB) y una estrategia de control basada
en observadores de perturbaciones de doble bucle (DDOB). Primero, el sistema nominal
sin considerar las incertidumbres paramétricas del convertidor reductor DC-DC esté con-
struido para ayudar a desarrollar el SA y el DA. El SA se construye mediante enfoques
de control adaptativos y de retroceso, y el DA se configura mediante enfoques de control
de modo deslizante y adaptativo. Ademds, se introduce un modelo que considera las
incertidumbres paramétricas, dando la oportunidad de desarrollar el SDOB y el DDOB.
El SDOB se desarrolla utilizando un observador de perturbaciones disefiado y una técnica
de control de retroceso, y el DDOB se sintetiza utilizando un observador de perturba-
ciones disefiado y un método de control de modo deslizante. Finalmente, las ventajas y
desventajas de las cuatro estrategias de control propuestas se han comparado y analizado

mediante experimentos.

2. Diseno de estrategias de control no lineales para rectificadores trifési-
COS
2.1 Control de adaptativo H, para rectificador trifdsico de dos niveles conec-

tado a la red

Al utilizar la transformacién de Park invariante de potencia, se obtiene un modelo
matemadtico promediado de convertidores de potencia en un marco de referencia sincrono
dg. Luego, se propone una estrategia de control novedosa que usa control adaptativo y
la técnica H., para regular el voltaje de salida del enlace de dc y rastrear una referencia
de corriente deseada para rectificadores de potencia trifdsicos. Mds especificamente, se

establece un controlador adaptativo eficiente en el bucle externo para regular el voltaje
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de salida del enlace de dc en presencia de perturbaciones externas. Un conjunto de
controladores H., estdn disefiados en el bucle interno para forzar a las corrientes de entrada
a seguir sus valores deseados. Finalmente, se han presentado, analizado y comparado los
resultados de la simulacién obtenidos del método de control propuesto con el del control

por modo deslizante, y se ha verificado la superioridad de las leyes de control propuestas.

2.2 Control de modo deslizante adaptativo basado en observador para recti-
ficador NPC trifasico

Se ha propuesto una nueva estrategia de control robusta para el rectificador NPC
de tres niveles. El esquema de control propuesto consta de tres bucles de control, es
decir, bucle de control de seguimiento de potencia instantdnea, bucle de regulacién de
voltaje y bucle de equilibrio de voltaje. Primero, en el bucle de control de seguimiento de
potencia, se establece un conjunto de controladores de modo deslizante adaptativo para
impulsar el seguimiento de potencia activa y reactiva de sus valores deseados mediante la
tecnologia de red neuronal de funcion de base radial. En el bucle de regulacién de voltaje,
un controlador adaptativo eficiente pero simple estd disefiado para regular el voltaje de
salida del enlace de dc donde la carga se considera una perturbacion externa. Ademds,
se desarrolla un controlador compuesto en el bucle de balanceo de voltaje para asegurar
voltajes de desequilibrio entre dos capacitores de enlace de dc cercanos a cero, en el
que se utiliza un observador de orden reducido para estimar la perturbacién sinusoidal
mejorando el rendimiento del convertidor. La efectividad y superioridad de la estrategia
de control propuesta para el convertidor de potencia NPC se han comparado con otros
esquemas de control a través de resultados experimentales.

2.3 Control de modo deslizante de segundo orden para rectificador trifasico
de dos niveles conectado a la red en condiciones de red desequilibrada

Se ha propuesto una nueva y robusta estrategia de control para convertidores de
potencia trifasicos operados en condiciones de red desequilibrada. Se obtiene un objetivo
de control consolidado en el marco a3 estacionario, que se puede ajustar de forma flexible
segun el grado de oscilacidn de las potencias activa y reactiva y el equilibrio de la corriente
trifdsica. A partir de la dindmica del convertidor y objetivo de control, se presenta un
esquema de control en un marco en cascada, en el que se aplica un observador adaptativo
para estimar las secuencias positivas y negativas de la tension de red. En el bucle de
seguimiento actual, se implementa un controlador de corriente de algoritmo de stper

torsién junto con un diferenciador de stper torsiéon (STD) para rastrear las referencias
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actuales, con una dindmica rdpida y una robustez mejorada. Ademds, en el bucle de
regulacién de voltaje, se desarrolla un controlador compuesto efectivo para regular el
voltaje del enlace de dc, donde se utiliza un observador de stper torsién para estimar la
perturbacién de la carga, mejorando asi el rendimiento del convertidor. Los resultados
experimentales se han proporcionado para confirmar la eficacia y superioridad de la

estrategia de control propuesta.
3. Disefio de estrategias de control no lineal para inversor trifdsico

Se ha investigado el problema de la regulacién de la tension de salida del inversor
trifasico de dos niveles con filtro LC que utiliza un enfoque de control de modo de desliza-
miento integral (OBIS) basado en observadores de perturbaciones. Primero, se reformula
la dindmica del inversor para facilitar el uso de la estrategia de control OBIS propuesta,
que considera las incertidumbres paramétricas del filtro LC. Un observador de pertur-
baciones esta disefiado para estimar las incertidumbres paramétricas y las perturbaciones
externas. Luego, se establece una superficie de modo deslizante integral considerando
el error de seguimiento de voltaje, su integral y las estimaciones de las incertidumbres
paramétricas y perturbaciones externas. Se propone un controlador de modo deslizante
de modo que los sistemas sean robustos a las incertidumbres y perturbaciones admisibles
y satisfagan la condicién de alcance. La estabilidad del sistema de circuito cerrado puede
garantizarse basdandose en la teoria de Lyapunov. Finalmente, se han proporcionado varios
experimentos de que la estrategia de control OBIS propuesta es la estrategia mds excelente
para un sistema capaz de lograr un voltaje de salida de mayor calidad con robustez y bajo
armonico, en comparacion con el control de PI en cascada cldsico y el método de control

predictivo del modelo de conjunto de control finito.
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Nowadays, the problems of environmental pollution and energy crisis have kept
on trouble to people. It is becoming the favorable solution of above issues to use the
renewable energy sources (RES) such as wind and solar energy replacing the traditional
energy sources. However, high penetration of RES into power systems also will result in
the problems of power stability and quality because of the stochastic characteristic of RES.
The microgrid, which can operate both in grid-connected and islanded mode, has been
comprehensive investigated to solve the RES integration issue. Power converter as the
interface between the RES and the microgrid ought to integrate the RES into a microgrid
efficiently and economically, even in unbalanced load and voltage conditions.

In the past few decades, due to the significance of both theory and practical appli-
cations, the study of power converter has become one of the hotspots of research in the
fields of power electronics and automation. Control strategy design of power converter
is an important study research of power converter. The control strategy as the core of
the control system directly determines the dynamic and static performance of the power
converter. The power converter system is a typical nonlinear system. However, most of
power converter control strategies are designed based on linearization control methods,
which makes the control system sensitive to system parameter variations, slow dynamic
response speed and poor steady-state performance, etc.

Thus, in order to further improve the dynamic and static performances of power
converters, this dissertation has studied the advanced control strategies design for several
typical power converters using nonlinear control approaches. According to the research
content of the thesis, it can be divided into three parts:

* 1) nonlinear control strategies design for DC-DC buck power converter;

* 2) nonlinear control strategies design for three-phase rectifiers;

* 3) nonlinear control strategies design for the three-phase inverter.

The main research results and innovations of the thesis are summarized as follows.
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1. Nonlinear control strategies design for DC-DC buck power converter

This part of the thesis is taken from the following paper:

Y. Yin, J. Liu, A. Marquez, X. Lin, Jose I. Leon, S. Vazquez, L. G. Franquelo
and L. Wu, Advanced control strategies for DC-DC buck converters with parametric
uncertainties via experimental evaluation. IEEE Transactions on Circuits and Systems I:
Regular Papers, 2020, 67(12): 5257-5267.

The original paper can be found on: https://ieeexplore.ieee.org

Four control strategies for DC-DC buck converters have been proposed, compared
and analyzed: a single-loop adaptive control strategy (SA), a double-loop adaptive con-
trol strategy (DA), a single-loop disturbance observer-based control strategy (SDOB) and
a double-loop disturbance observer-based control strategy (DDOB). First, the nominal
system without considering the parametric uncertainties of the DC-DC buck converter
is built to help develop the SA and DA. The SA is built by adaptive and backstepping
control approaches, and the DA 1is set up by adaptive and sliding mode control approaches.
Additionally, a model considering parametric uncertainties is introduced, giving the op-
portunity to develop the SDOB and DDOB. The SDOB is developed using a designed
disturbance observer and backstepping control technique, and the DDOB is synthesized
using a designed disturbance observer and sliding mode control method. Finally, the
advantages and disadvantages of the four proposed control strategies have been compared
and analyzed through experiments.

1.1 DC-DC Buck Converter Model

The averaged model of the buck converter in continuous conduction mode can be

given as,
. X X
X = g - ﬁ, (B-1)
i = —’% + Vfu (B-2)

where x; is the output voltage v,,,, X, is the current through the inductor i; and u,, is
the control input. It should be noted that a study of the discontinuous conduction mode
is not included in this paper for the sake of simplicity. The above system (B-1)-(B-2) is
the nominal system for the converter without considering the parametric uncertainties of
the filter inductor and output capacitor. However, in some practical applications, accurate

values of the inductor and capacitor are not known. Taking this fact into account, the
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actual inductor and capacitor values are defined as follows:
L=L+AL,C=C+AC, (B-3)

where L and C are the nominal values of the filter inductor and output capacitor, re-
spectively, and AL and AC are the parametric uncertainties of filter inductor and output
capacitor, respectively, which are considered unknown values.

Then, the uncertain system of the DC-DC buck converter can be written as,

. X2 X1
X1=—=--—-, B-4
' ¢ RC (B4
X1 . Vin
Xo=——+ —Ugyy. B-5
2 7T (B-5)
The dynamics of converters (B-4) and (B-5) can be rewritten as
X
i =g +dy, (B-6)
X Vin
X = _fl + o + d, (B-7)
where
di = ACXZ X1
' C(C+AC) R(C+AC)
_ ALx ALv;,u,,
" L(L+AL) L(L+AL)
Furthermore, the dynamics of converters (B-6) and (B-7) can be expressed as,
X =Ax + Bu,, +d, (B-8)

where x = [x,x,]7 and

0 L 0 d
A= c| p-= d= 1

1 Vin

-£ 0 T d>

The objective of this paper is to regulate the output voltage to its desired reference
in the presence of unknown disturbances and parametric uncertainties.

In the following section, based on the above dynamic models four control strategies
will be designed to achieve the control objective. Before proceeding, the following lemma
is presented.

Lemma B.1 If F € R™" is the Hurwitz matrix, then there exists a positive scalar €,

such that ||eF d || < ee ¥ , Where A« is the largest eigenvalue of F.
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1.2 Control Strategies Design for Nominal System

1.2.1 Single-loop adaptive control strategy

The voltage tracking error can be defined as
21 = X1 — X, (B-9)

where x] is the desired output voltage. Taking the derivative of (B-9) along with (B-1),
one can obtain

X
i = EZ — Ox; — &%, (B-10)

where 6 = % is the unknown parameter. Here it is assumed that the equivalent load R is
unknown and changes in steps. Thus € is also unknown and changes in steps. Defining
6 = 66, one can construct the following Lyapunov function for the system (B-10), where

8 is the adaptive law to be designed,

1 1 -
Vo = =25 + —6%. (B-11)
2 2n

Then, the time derivative of (B-11) is
. | R
Vi = Zl()2 —Ox; —X}) + —60. (B-12)
C n

Based on (B-12), one can design the virtual control a4, error variable z, and adaptive law

9 as follows:

a) = —kg121 + X} + Oxy, (B-13)
X

2= E2 —a, (B-14)

0 = -nzixi, (B-15)

where k1, and n are positive scalars. Then, substituting (B-13)-(B-15) into (B-12) yields

1.2
Viin = 21(z2 + @y — Ox; — X7) + =00
n
A 1.z
= z21(=ksn121 + 0x; + 20 + %] — Ox; — X)) + ;90
~ 1.
= _k511Z% +2122 + 921X1 + 59(—7]Z1X1)
= —ks112] + 2122 (B-16)

Next, using (B-14), one can obtain the dynamic of z,,
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X1 Vin

— o — . B-17
LC+LCuav a ( )

2=
The following Lyapunov function Vj, for the error system z = [z;, z2]” can be constructed:

1
Ve = Vo + Ez%. (B-18)

Differentiating (B-18) yields

. ) )
Vsio = —ksn1z] + 2122 + 2222
Vin

X1 .

= —ksllZ%‘i'Zz(Zl - E*‘Euav —ap). (B-19)

The control u,,, which is designed so that V;, < 0 is satisfied, is given by

LC X1
av — - + — +a _ky . B-20
u Vin (=21 LC a 51222) ( )
By substituting (B-20) into (B-19), it can be obtained that

Viiz = —ksnzy — ks12z3 < 0, (B-21)

which means that the error system (z;, z;) tends to zero, i.e., the controller (B-20) can
regulate the output voltage to its desired reference.
1.2.2 Double-loop adaptive control strategy
1.2.2.1 External loop

The aims of the external loop are to regulate the output voltage and provide the
current command for the internal loop. It is assumed that the dynamics of the inner loop
are faster than those of the outer loop; then, in line with the singular perturbation theory,
the dynamics of z; can be obtained as:

*

1= 2 Oxy — 7, (B-22)
C

where xJ is the reference of x,. To achieve the control objective, the same Lyapunov

function can be constructed as per (B-11). Then the reference of x, is designed as,
)C; :C(—kdlzl +XT+6AX1), (B—23)

where k,; 1s a positive scalar and the same adaptive law as per (B-15) is used.
1.2.2.2 Internal loop

A sliding mode controller is employed in the internal loop to drive the inductor
current to its reference provided from the external loop. From (B-2) one obtains the

following derivative with X, = x, — xJ,
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where x; satisfies the condition that ||| is less than or equal to the positive constant @.
Next, the sliding mode controller u,, will be designed to drive the state trajectories onto
the sliding surface X, in finite time.The Lyapunov function is constructed as

1.
Vi = Exg. (B-25)

The following derivative can be obtained by using (B-24),

. ~ X Vin s
Vi = Xz(—zl Tl — 1) (B-26)

One can design the following sliding mode controller:

L . 5 X
Ugy = ——‘(Cdlzfz + Dduslgn(xz) - z]), (B'27)

n

where ¢4, and D 41, > @ are positive constants. Applying the controller (B-27) in (B-26)
yields

Vi = %o (=cain¥s — Dgppsign(x,) — x3)
~2 ~ ~
< —Cd412X; — Dd12 | X2 | —(I)Xz <0. (B-28)
Thus the inductor current x, can track its reference xJ in finite time.

1.3 Control Strategies Design for an Uncertain System
1.3.1 Disturbance Observer Design

The disturbance observer that can estimate the disturbance d is presented as follows:

d=¢—Fx,
: . (B-29)
{ = F(Ax + Bu,, +d),

where d = [d, d,]” is the estimate vector of d, ¢ = [}, &>]7 is the internal state vector

of the observer and

-fuu O
0 -/
with positive constants fi; and f>, to be designed, which means that F' is the Hurwitz

matrix. It can be derived from (B-8) and (B-29) that

d=¢-Fi
= F(Ax + Bug, +d) — F(Ax + Bug, + d)
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- _Fd, (B-30)

where d = d — d is the estimated error vector.

Using (B-30), the following derivative can be obtained following derivative,
d=d+Fd, (B-31)
and its solution can be written as
d=e"dy+ /Ot eF=Id(1)dr, (B-32)

where d, is the initial value of d. Assuming that ||d|| < ¢ and ||d|| < ¢, according to

Lemma 1, one can obtain

1]l = lle"*dof| +

t
/ eF=Id(r)dr
0

t
< [l [ idol +/O le™ [} |ld (]| =

Amax (F) 2 Amax (F) t
2 —

< epe 2 ’+eg/lmax(F) e 1)
< €ep— . B-33
Therefore, it can be concluded that estimate errors are ultimately bounded.
1.3.2 Single-loop disturbance observer-based control strategy
Taking the derivative of (B-9) along with (B-6), one can obtain
X
21 = EZ +di — i (B-34)
The following Lyapunov function is constructed for the system (B-34),
1
Vil = Ez%. (B-35)
Then, the time derivative of (B-35) is
. X2 &
Vi =Z1(E+d1 - X7). (B-36)
Based on (B-36), one can design the virtual control @, and the error variable z, as
follows:
@ = —ks12) + X — d, (B-37)
X
n=2-o (B-38)

where k,; is a positive scalar. Then, (B-36) becomes
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Vi = Zl(_kSZIZl +)'CT —d; +d; —XT + Zz)

= _kSZIZ% + 2122 + 21d). (B-39)

The time derivative of z, can be obtained from (B-7) and (B-38),

in d
T+ 2~ (B-40)

2="Ic et e

It is natural to construct the following Lyapunov function,
1,
Vs22 = Vs21 + EZQ- (B-41)
Using (B-39) and (B-40), the following derivative can be obtained:

) ) . .
Vir = —kgnzi + 2122 + 21d1 + 2222

X1 Vin dy 7
= k12> + ——t+ —Uy, + — — ) +71d;. B-42
s11%] (2 LC LCu C @) + z1d, ( )
The control u,, is designed as
LC X1 dAz
av = —(— — 4+ @ -k - =), B-43
u Vin( Z1+LC+a2 2222 C) ( )

where kj,; is a positive scalar.

Then (B-42) becomes, substituting (B-43) into (B-42),

. N d.
Vi = —kan? - kszzzg +z1d; + ZzEZ,
—kg 0 -
e M 2+2d, (B-44)
0 _ks22

where z = [z1,2,]” and d’ = [d|, %]T. Since the estimate error vector d is bounded, the

vector d’ is also is bounded. Without loss of generality, assume that ||d~ ‘Il £ 0. Moreover,

it can be obtained that

. ks 0 -
Vi < —-2" " Z+ ”ZT” ”d,

522

< —min{kgy, koo }lzl* + Izl 0

= — ||zl (min{k11, ks2o} llz]] — 0)- (B-45)

Thus, the ultimate bound of z is given by

Q

llzll £ — :
mln{kslla k322}

(B-46)

-122 -



My B SiE 45 ML
-Appendix B: Summary and Conclusion in English

1.3.3 Double-loop disturbance observer-based control strategy
1.3.3.1 External loop

Using (B-6) and (B-9), the dynamic of the external loop can be rewritten as

. x2 .
71 = E + d] - X- (B-47)
Based on the disturbance observer, the composite controller can be designed as
x5 = C(—kappzi + %} = dv), (B-48)

where k4, is a positive scalar and d 1 18 the estimated value of d;, which is similar to (B-29)
and is omitted here.

Here, it should be pointed out that the disturbance observer used in the double-loop
control structure is different from that used in the single-loop control structure. In the
single-loop control structure, the disturbances d; and d, are estimated simultaneously,
while the disturbances d; and d’, which will be explained in the next subsection, are
estimated in the external loop and internal loop respectively, in the double-loop control
strategy.

Using (B-48), the dynamic of the external loop becomes

2 = —kapzy +d, (B-49)

and its solution is given as
t ~
a=eteizgr [ ekt mar, (B-50)
0

where z;¢ is the initial value of z;.

It can be concluded from (B-32), that z; is ultimately bounded.
1.3.3.2 Internal loop

From (B-7) the error the dynamic of internal loop can be rewritten as,

L X1 Vin ’
Xy = —z + Tuav + d2’ (B-Sl)

where d) = d, — x;. Here, the disturbance observer is still utilized to estimate the

disturbance d;. The disturbance observer can be designed as,
dy =&+ X,
Vin

. xl ~
é:Z = _fZ(_Z + T”uv + dz)’

(B-52)

where a?é is the estimate of disturbance, d, f> is a positive constant and &; is the internal
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state vector of the observer. The process of stability and analysis of the disturbance
observer is similar to that presented in section IV-A, and it is omitted here. The observation

a7£| < @.

error Jé =d) - dz satisfies |
Next, one can take advantage of d} to design a sliding mode controller to force the
inductor current towards its reference.
Based on the Lyapunov function (B-25), one can obtain its derivative from (B-51),

. - X Vin ,
Vs = xz(—zl oy + ), (B-53)

where X, = x, — xj is the sliding variable.
One can design the following sliding mode controller,

L - . - X %
Ugy = ——_(Cdzzxz + D g2p8ign(%;) — zl +d,), (B-54)

mn

where ¢4y, 1S a positive scalar and D 4, satisfies D4y, > @. Then, using (B-54), the

Lyapunov function derivative (B-53) becomes,

Vi = %o(—Cans — D gmsign(F,) + dj)

< —Cdzzfg - Dd22 |)Ez| + @iy < 0. (B-SS)

This relation implies that the inductor current x, can track its reference x; in finite time.

Simulation and experimental results for the proposed controllers can be found in
Chapter 2, pages 21-28.

The problem of output voltage regulation in a DC-DC buck converter has been
investigated in this part. Based on the nominal and uncertain systems of the DC-DC buck
converter, four control strategies (i.e., SA, DA, SDOB and DDOB) have been proposed.
The characteristics and design procedures of the four control strategies are compared,
discussed and analyzed. Two experimental results namely, the results of the comparison
of the controller vs. the load resistance variations and the comparison of the controller
vs. the reference voltage variations, are provided to further compare and analyze the
advantages and disadvantages of the four proposed strategies. The SA can ensure that the
output voltage has the shortest recovery time whenever the load or the reference voltage
changes. The output voltage has the smallest output voltage drop under a sudden load
change using the DA. The SDOB is robust to reference voltage changes without an output
voltage undershoot. The DDOB achieves the best static performance among the four

proposed control strategies. From the present study and analysis, one can select or switch
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to the most suitable control strategy for any application scenario.
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2. Adaptive Hs, control for three-phase two-level grid-connected recti-
fier

This part of the thesis is taken from the following paper:

Y. Yin, J. Liu, W. Luo, L. Wu, S. Vazquez, J. I. Leon and L. G. Franquelo, Adaptive
control for three-phase power converters with disturbance rejection performance. IEEE
Transactions on Systems, Man, and Cybernetics: Systems, DOI:10.1109/TSMC.2018.
2876322.

The original paper can be found on: https://ieeexplore.ieee.org
2.1 System Description and Preliminaries

The dynamics of inductors currents i, and output capacitor voltage v 4. can be given

by in dg synchronous reference frame as,

. r e 1

fag (1) = =g (1) = Jwiag (1) + = = Fagvac(1), (B-56)
1 1 )

l./dc(l‘) = _RLCVdC (t) + Eugq(t)ldq(t)’ (B'57)

where idq(t) = M;igciabc(t) = [id(t)’iq(t)]T’ €dq = Mjgceabc = [ed’eq]T’ udq(t) =

0-1

Mjgca = [ua(t),u ()", J = , and the M;igc is the power-invariant transfer
10

matrix.

Next, a necessary definition and a lemma are provided for subsequent developments.

Definition B.1 For a given disturbance attenuation level y, the following system
x(t) = Ax(7) + Bw(1),

y(1) = Cx (1),

where x(7) € R" and y(r) represent the state vector and the control output, respectively,

(B-58)

w(t) € L]0, 00) denotes the disturbance input, and A, B and C are the real matrices of
compatible dimensions, is said to have an H,, performance index vy if it holds that for

x(0) =0,
+00 +oo
/ YO ()y(t)dt < y? / ol (Hw(t)dt. (B-59)
0 0
Lemma B.2 For matrix M and S of appropriate dimension, then
M"S+MS" <0,

holds, if and only if there exists a scalar x > 0, such that
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1
kMT™M + =SS <0,
K

holds.
2.2 Controller Design

Based on mathematical model in the above section, the main objective of this section
is to design efficient control scheme, which is a cascade-control structure comprising
voltage regulation loop (external loop) and current tracking loop (internal loop), to force
the dc-link output voltage v4.(¢) to a desired constant reference v}, and to provide a
desired instantaneous reactive power. More specifically, the goals of this section are
stated as follows:

* Develop an efficient adaptive controller in the external loop for regulating dc-link
output voltage v, () under external disturbance condition;

* Design a set of H,, controllers in the internal loop to force quadrature current i, (¢)
and direct current i,(7) to follow their reference signals i;, and i), respectively, where 7, is
defined to achieve a desired instantaneous reactive power and i, is calculated to regulate

the dc-link capacitor voltage, which is considered to be a slowly varying signal.
2.2.1 Adaptive controller design

In this subsection, an adaptive controller is applied to control the dc-link output
voltage in the external loop. In order to better design the adaptive controller, the following
assumptions are stated as:

* In this paper, the equivalent load resistance R is regarded as an unknown external
disturbance. We consider that the disturbance is slowing time varying (possible constant
or change in steps).

* For the system (B-88) and (B-89) we assume that the output voltage dynamic v .
is much slower than the current iy,,.

Based on Assumption 2 and the singular perturbation theory, the system (B-89) can be

written as,

1 1
Vae(£)Vac(t) = _RL_CVSZC (1) + Evdc (t)uﬁq (f)ifiq(f)- (B-60)

Then one can obtain the following system,

1
xi(t) = pr - pxi(1), B-61)

yi(t) = xi(2),
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where x; (1) = %szc(t)’ pr= vdcugqizq, y1(2) is the control output and p = RLLC that can
be regarded as an unknown slowing time varying disturbance.
Next, we are interested in designing an adaptive controller p* such that the control
output x; (¢) can track the reference signal x] = %(VZC)Z where v, _is the desired reference

voltage, i.e., the adaptive controller can drive the output voltage v .(¢) to its desired value
Ve
Theorem B.1 Consider the system (B-61) with an adaptive controller

p" = ke (1) + Cx1(1)p(1), (B-62)

where k is positive constant, e;(t) = x] — x;(z) is the regulation error and p(t) is the

adaptive law with the following differential equations,

p(1) =nxi(t)e (1), (B-63)

where 7 is positive constant. Then the control output y;(7) can asymptotically track the
reference signal x7, i.e., the adaptive controller (B-62) can drive the output voltage to its
reference v’ .

Proof. Denote (1) = p(t) — p, then according to the Assumption 1, one can obtain

that,
p() = p(1). (B-64)
Construct the following Lyapunov function candidate,

1

p2(1). (B-65)
n

Vi(t) = %e%(t) +5-

One can get the derivative of the Lyapunov function (B-65),
Vi0) = e1(061(0) + A0 (B-66)
It immediately follows from (B-61), (B-62), (B-63) and (B-64) that,
i0) = (D=0 + pra(0) + Zp(A(0
= —éel (1) (ke (1) + Cxi(1)p(1)) + er () x1 (1) p
£ <A e

= - Zkel(). (B-67)
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Therefore, in term of the Lasalle’s theorem, we can get that the track error e; (¢) converges
to 0 as t — oo, i.e., the adaptive controller (B-62) can drive the output voltage to its

reference v, .. The proof is completed here.

2.2.2 Hy controller design
In this subsection, an H,, controller is designed in the current tracking loop to force
the input currents iy, (f) towards the desired values i 14+ Based on the instantaneous theory,

one can obtain the current references,

] o _ ! ‘e ||V R (B-68)
el +e? eq—eq||q eq |

Q o*

l

Q %

where p* is instantaneous active and ¢ is instantaneous reactive power. p* is generated by
the external loop to regulate the output voltage, and ¢* is a desired instantaneous reactive
power. In particular, g* can be set 0, that is, ijl = 0, to achieve the power factor close to
the unity. Denote the current tracking error g4,
e LG A0l 5.69)
g4(1) iy —i4(1)
Following form (B-89), the derivative of g4, is given by,

éa(n) | _ 0+ Lig(1) — 5 — wig (1) +m4glmm | B70)

gq(0) | i+ Zig(1) = 2 + wia(r) L,

Next, an H,, controller will be designed to guarantee that current tracking error

converges to zero,

uq(t) _ s kaga(t) + 724G + i wig (1) (B-71)

ug )] | ~mkesa () + v;qm Sae @ @ia (1)
where the k; and k, are H,, controller gain to be designed.
Using (B-70) and (B-71), it follows that,

2a(0) | _| ~kazalt) + wa(0) | (B-72)

£4(1) —kgeq4(1) + wy(t)
where wq(1) = i}, + Liq(r) and w, (1) = i + %iy(¢). In fact, the parasitic resistance r
and iJ*., J € {d, q} viewed as external disturbance are generally unknown, which can not

applied in the controller directly. Moreover, it can be seen from (B-72) that based on the
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controller in (B-71), the current tracking errors ,(¢) and &,(¢) are decoupled. Thus, we
can design the controller for direct current i,;(¢) and quadrature current i, (), respectively.
Moreover, the direct current tracking error £,4(¢) is rewritten as,

Ea(t) = —kaea(t) + wa(1),

ya(t) = €q(1),

(B-73)

where y,(f) and w,(t) are the control output and disturbance input, respectively.
Theorem B.2 Consider the system (B-73) with an H,, controller. For a given positive
constant y,, if there exist two positive scalars s, and [, such that the following inequality

constraint hold,

=2l hy 1
ha —yq 0 | <0, (B-74)
1 0 —Yd

then the system (B-73) is asymptotically stable when w,(#) = 0 and has an H.,, performance
less than y,. Furthermore, if the above inequality hold, then the H., controller gain is
ka =%,

Proof. When w,(t) = 0, it is easy to obtain that the controller gain k, is positive
scalar, i.e., the system (B-73) is asymptotically stable.

When w,(t) # 0, let us show that system (B-73) has an H,, performance less than
74 1n rest of proof.

Define the h’d =vYaha, l;z = yqlg and

V7 0 0
Ta=| 0 yva 0 |- (B-75)
1
_ 0 0 v
Then, from (B-74), one can get that,
2l hg 1 —21:1 h'd 1
Ta| hgy —ya O |Ts=| K, —y3 0|<0. (B-76)
I 0 —y4 1 0 -1

By the Schur complement, one can get that the (B-76) is equivalent to
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20 W 1
a Ba |, [10]s0, (B-77)
hy =val [0
that is,
2041
d “1<o. (B-78)
n, -y

Applying Schur complement to (B-78) again, the inequality (B-78) holds if and only
if,
=205+ 1+ (hy)*y;* < 0. (B-79)
Thus, based on (B-76)-(B-79), we can see the equivalence between the (B-74) and
2+ 1+hiy;> <0. (B-80)
On the other hand, construct the following Lyapunov function for system (B-73),
Va(t) = hyel(t). (B-81)
The derivative of the Lyapunov function (B-81) along with the system (B-73) is obtained,
Vo (1) =2hgeq(1)é4(1)
= 2haka&5(t) + 2haeq(H)wa(t). (B-82)
According to Lemma 1, we have
Va(t) < =2hgkae’ (1) + v hae (1) + yi(wa(t))?. (B-83)

Next, for system (B-73), consider

J = /O (2(t) = va(wa(1)* + Va(1))dt = (Va(o0) = V5(0)). (B-84)

It follows from (B-83) and (B-73) that

1= [ 030 = ia0dr < [ (a4 DE D= Vi(e0) <0,
0 0
(B-85)
which means that system (B-73) has an H,, performance less than y,. This completes the

proof.

Similar to the theorem 2, we can also obtain the H,, controller for quadrature current

ig(1).
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Theorem B.3 Consider the system
Eq(1) = —kgey(1) + wy(1),

yq(t) = 8q(t)7

(B-86)

with an H, controller. For a given positive constant vy, if there exist two positive scalars

h, and [, such that the following inequality constraint hold,

-2l, hy 1
hg —yqa 0 | <0, (B-87)
I 0 -y,

then the system (B-86) is asymptotically stable when w, (t) = 0 and has an H,, performance
less than y,. Furthermore, if the above inequality hold, then the H., controller gain is
ky = it

Simulation and experimental results for the proposed controllers can be found in
Chapter 3, pages 37-45.

Using the proposed novel control strategy, adaptive H,, control strategy, the problems
of voltage regulation and current tracking for three-phase two-level grid-connected power
converters have been studied in this part. The adaptive H,, control strategy is an efficient
control strategy in the field of power converters, which not only can obtain a desired voltage
or current signals with small harmonic distortion but make the structure of controller
simple and easily to implement. Two types of controllers, adaptive controller and H,,
controllers are respectively applied in the external and internal loop, to achieve control

objectives. Two real simulations are analyzed to verify the advantage of proposed control

strategy in this part.
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3. Observer-based adaptive sliding mode control for three-phase NPC
rectifier

This part of the thesis is taken from the following paper:

Y. Yin, J. Liu, J. A. Sanchez, L. Wu, S. Vazquez, J. I. Leon and L. G. Franquelo,
Observer-based adaptive sliding mode control of NPC converters: an RBF neural network
approach. IEEE Transactions on Power Electronics, 2018, 34(4): 3831-3841.

The original paper can be found on: https://ieeexplore.ieee.org

A novel robust control strategy for three-level NPC rectifier has been proposed.
The proposed control scheme consists of three control loops, i.e., instantaneous power
tracking control loop, voltage regulation loop and voltage balancing loop. First, in the
power tracking control loop, a set of adaptive sliding mode controllers are established to
drive the active and reactive power tracking their desired values via radial basis function
neural network (RBFNN) technology. In the voltage regulation loop, an efficient but
simple adaptive controller is designed to regulate dc-link output voltage where the load is
considered as an external disturbance. Moreover, a composite controller is developed in
the voltage balancing loop to ensure imbalance voltages between two dc-link capacitors
close to zero, in which a reduced-order observer is used to estimate sinusoidal disturbance
improving the converter performance. The effectiveness and superiority of the proposed
control strategy for the NPC power converter have been compared with other control

scheme through experimental results.
3.1 System Description and Preliminaries

The dynamics of inductor currents i, = [ia, iﬁ]T, the sum of capacitor voltages
X1 = v¢1+Vv, and the difference of capacitor voltages x, = v.; — v, for the NPC converter

can be given by in @, §, y stationary reference frame as,

. 1 1 1 1

lg = —Vog — —X{Ug + ——x2(u% — ui) — ——XoU U, (B-88)
L 2077 o\ = * N A

. 1 1 1 1

5= —Vg — — + Qg — — , B-89

g Lvﬁ 2L.X1MB \/ELXZM Up \/§LX2M3M7 ( )

] 2 1 ¢

X = —RLC_Xl + Elaﬂuaﬁ, (B-90)
2iT uapu

. af aBy 1 2 2 . .

Xy = + [(us, —ug)ia — 2uqugigl, (B-91)

V3C  VeC p we

where v o5 = [va, vp]" is the grid source voltage and u,p, = [Ua, ug, u,]" is the average
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duty cycle. Based on the instantaneous theory, instantaneous active and reactive powers

p, q are defined as,

p = vaia’ + Vﬁiﬁ,
(B-92)

q ="Vaig — Vgia.
In order to more conveniently and efficiently design controller, assume that the grid
source voltages are balanced and the difference of capacitor voltages x, approximates to

zero. Then, taking the derivative of (B-92), one can obtain,

. I . 1 »
p= —Zvaﬁuaﬁxl +wq + Z”Vaﬁ s
| (B-93)
q= _iv};ﬁfr”aﬁxl —wp,
0-1
where J = .
10

The equilibrium point of the system, i.e., p = 0 and ¢ = 0 can be obtained from,

e 2 wLq wLp
ull = — (1+ )v,,ﬁ»—(
£ { [ [

In this paper, radial basis function neural network (RBFNN) will be adopted to

Jvaﬁ}. (B-94)

approximate the unknown function d(x) in the developed control design procedure for the
NPC power converter. For a continuous function d(x) on a compact set | | and &,,, there

exists a RBFNN 67¢(x) such that

sup|d(x) — 07&(x)| < &m, (B-95)

xeu
where 6 = [6,6,, ...,0;]T is the weight vector, and £(x) = [£1(x), & (x), ..., &(x)]T is

basis function vector commonly used Gaussian function,

2
1 il
eJ e )legwa (B-96)

&i(x) =

2n0;
where o0; and ¢; are the width and center of the basis function, respectively.
Based on the state-space equation (B-90), (B-91) and (B-93) of the NPC converter,
one should design an efficient control scheme to accomplish the following objectives:
* 1) Regulating the sum of capacitor voltages x; to its desired value for the supplied
load,

 2) Enforcing instantaneous active and reactive power p, ¢ to track their references,
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respectively,
* 3) Guaranteeing the imbalance of the capacitor voltages x, close to zero.
In the following sections, to control dynamics of the ac/dc NPC power converter, a

control method based on DPC strategy is proposed.
3.2 Controller Design

Based on dynamical model and control objectives of NPC converter, note that it is
essential to design three control loops to realize control targets described in the above
section. First, a set of adaptive sliding mode controllers are designed in the internal loop
to guarantee tracking of instantaneous active and reactive power towards their references.
In the second step, an outer loop is established to force the sum of capacitor voltages to
a desired constant reference. Finally, a voltage balance loop is built-up by H,, controller
plus reduced-order observer to cope with the imbalance of the capacitor voltages issue.
3.2.1 Instantaneous Power Tracking Loop Design

In this subsection, a set of adaptive sliding mode controllers will be applied to the
instantaneous power tracking loop to achieve control objectives via RBF neural network

technology. Define the tracking errors as,

€p=p =P,
g (B-97)
eq=9q —q.
Using (B-93), time-derivation of (B-97) yields,
Vagtt  [vasl”
. af af .k
= — + — aB— ———— + R
LT A (B-98)
6 = wp+ (Jvap) Xi e
q — )4 3 af q

Here, note that the above system is ideal model without considering uncertain pa-
rameters. However, in practical applications, the converters are always affected by many
factors such as parametric uncertainties, measurement errors and unknown disturbances,
etc. Therefore, it is necessary to establish more accurate model close to the real system
behavior. For this reason, the following system that uncertainties are considered in the

converter model is represented as,
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1
€, =—(w+A,)g+ (Z + AL)V(TZﬁxlu(,ﬁ
1
—( +A0) ag + , (B-99)

1
éq = (0.) + Aw)p + (i + AL)(JVQ[;)T)C]MQ[; + q*,

where A, and Ay are the parametric uncertainties. Then (B-99) can be rewritten as,

VopXi ||Vaﬁ||2
€p)=—Wq+——1lop — +d,(1),
2L L (B-100)
. (JV(t,B) X1
g =wp + Tuaﬁ +dy(1),

where

2
d,(t) = =Auq + Ay oxiuas — ALl|vas| + P
: P o
dq(t) = Awp + AL(.]Vaﬁ)T + q*
Next, on the basis of equilibrium point (B-94), the control signal u,z against para-
metric uncertainties to drive the active and reactive power tracking their desired values

are designed as,

Uap = ufyqﬁ _:u(ep)vaﬁ _:u(eq)‘lvaﬁa (B'loz)
where u(e,) and u(e,) are the adaptive sliding mode controllers to be designed. Substi-
tuting (B-102) into (B-100), one can obtain that

ép = =3 Vasluter) + d, ) -

. X1 2
€q = _i”"aﬁ” p(eq) +dq(2).
Utilizing the RBFNN to approximate the unknown function d,,(¢) and d,(¢), the approx-

imate expressions are

dy(t) =0T+ £, |ep| < Emp,
4 P p P| 4 (B-104)
dy(t) =07+ 4. |oq] < Emas

where 63" and 6" are the ideal weight vector, £, and &, are the approximation errors, and
Emp and &,,, are their upper bounds, respectively.
A set of adaptive sliding mode controllers by using RBFNN to approximate unknown

functions are designed as,
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ulep) =kpe, + [é;f + &mpsign(e,)],

2

u(ey) = kge, + [égf + &emgsign(e,)],

xil[vasl
where k, and k, are the positive constants, and §, and 6§, are the estimation of ideal
weight vectors ¢, and 6, respectively.

Applying adaptive sliding mode controllers (B-105) into (B-103), error dynamic

becomes,

ép = =31 Ivasll kpep = 36 = ensien(e,) + d, )

X1 ) 3 (B-106)
€y = —i”vaﬁ” kge, — 955 — &mgsign(e,) +d,(1).
Construct the following Lyapunov function for the system (B-106),
1, 1, [ | Q.
qu = §€p+§€q+mep0p+mgq0q’ (B_107)

where §, = 8, — 03 and 6, = §, — 6;. Then, one can get the derivative of Lyapunov

function V,,,,

1 2
Vpg = epép +eqéq+—0,0,+—0,0,. (B-108)
Yp Yq

Using (B-104) and (B-106), one can get,

qu == ;_i||vaﬁ||2kpe?: - epéITof ~Emp |ep| + ePG;Tf
_ ;_IIJ Vap| ka€? = qf1E — Emg |eg| + ea0:7¢

1 ~T ~ 1 ~T ~
+ )/—GPH,, + y—9q9q +epe, +E4ey
P q

X X ~
== i”vaﬁuzkl’ei - ﬁ”vaﬁnquez - epngvf
~ 1 4 1 vz
- eqegf — (&Emp — €)p) |ep| — (&mg — &4) |eq| + y—@fﬂp + —95951- (B-109)
P

Design the adaptive law as

A

0, =vpeps,
oo (B-110)
0y = vq€4§.
Then, using (B-110), the derivative of Lyapunov function becomes,
. X1 2 X1 2
Vg < = i”vaﬁn kpef, - i”%ﬁ” kqeé — (&mp — €p) |ep| — (&mg — &¢) |eq|~
(B-111)
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Therefore, according to the Lasalle’s theorem, we can conclude that the track errors
e,(t) and e,(t) converge to 0 as t — oo, i.e., the adaptive slidig mode controllers can
enforce instantaneous active and reactive power p, g to track their references, respectively.
3.2.2 Voltage Regulation Loop Design

In this subsection, an adaptive controller will be designed in the external loop to
regulate the sum of capacitor voltages x; toits desired value xj. Assume that the equivalent
load resistance R; considered as unknown disturbance is slowing time varying, i.e.,
R, = 0, and the dynamics of the instantaneous power are much faster than voltage

dynamic. Then, the dynamic of sum of capacitor voltages x; can be rewritten as,

. 2 I g
X1 = ——RLCxl + Elaﬁudﬁ’ (B-112)
where i Z/g is the reference of inductor current i ,z. Then, we have
. 2 E3
Z1=-nNz1+=p, (B-113)
C
where z; = %xf is the new state variable, p* = %ifﬁuaﬁ is the desired reference of the
instantaneous active p and 7 = ﬁ is the unknown parameter. Define the regulation error
L
as follow,
e, =21—-2, (B-114)

where 77 = x—z Following from (B-113), time-derivation of (B-114) is,
here 7} = 5 g

2
éz =27 :—7721+Ep*. (B-115)

Next, an efficient but simple adaptive controller will be designed to regulate the sum
of capacitor voltages x; to its desired value x] as well as provide the power reference for
the internal loop.

The following Lyapunov function is constructed to design the adaptive controller,
1
Vi(t) = —e* + —17%, (B-116)

where A is the positive constant, 77 = 77 — 17, and 7j is the adaptive law to be designed.

Take the derivative of (B-116) along the system (B-115),
. 2 01 .
Vi=e:(=nzi+=p°) + - (B-117)

Design the following adaptive controller and the adaptive law
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C
P =—kysez + Sz, (B-118)

H(t) = —Azie.. (B-119)
Substituting (B-118) and (B-119) into (B-117), yields

. 2 . -
Vi =-nzie; - Ekvsei +1nz1e; — n(t)zlez,

= —%kvseg. (B-120)
Therefore, according to the Lasalle’s theorem, we can conclude that the regulation
error e, (t) converge to 0 as t — oo, that is, an adaptive controller can regulate the sum of
capacitor voltages x; to its desired value xj.
3.2.3 Voltage Balancing Loop Design
In this subsection, a composite controller which consists of H, controller and
reduced-order observer will be designed in the balancing loop to ensure imbalance volt-
ages between two dc-link capacitors close to zero. Based on the assumption in the voltage
regulation loop, that is, the dynamics of the instantaneous power are much faster than volt-

age dynamic, one can introduce the equilibrium point (B-94) of the system into (B-91).

Then the dynamic of (B-91) becomes,

4p* 1
f=—Lu + (), (B-121)

C\/§X1
where ¥ (¢) is considered as the disturbance in this paper. The disturbance i (¢) mainly
consists of a sinusoidal disturbance whose frequency is 3 times of fundamental frequency,

and can be defined as,
W (t) = ysin(3wt + @), (B-122)

where y and ¢ are the constant values. Next, a reduced-order observer will be designed
to estimate sinusoidal disturbance improving the converter performance.
Adding two new state variables disturbance ¢ (¢) and its time derivative x,, the

augmented system can be expressed as,

Xy = GlUy + Ew,
lj, =Xy, (B-123)
X(/, = _9(1)2{//,
_ 4p"
where h = i
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Furthermore, one can obtain the following state space representation,

X = Ax+ Bu,,
(B-124)
y=Ex,

where x = [x2,, x,]" and y stand for system states and measurable output, respectively,

and
- 1 S - 1T
1 h
0 0 ol 1
A=10 0 1|.B=|0|.E=]0],
0 -9w? 0 0 0
are constant matrices.
Then the system (B-124) can be rewritten as,
X1 A Ap | | X B,
| = + Uy,
X2 Ay Ay | | X2 B, (B-125)

y =Xy,

where

Ay =

|
-
b
[¥e)
[N

|

It can be observed from (B-125) that x; can be obtained directly from the measurable
output y, and we only suffice to estimate the state variable x,. In fact, X; = x; is the
difference of capacitor voltages that can directly measure and the %, = [¢, x,]" are the
disturbance and its time derivative that are impossible to measure directly and need to

estimate. Thus the following reduced-order state observer is designed to estimate X»,

é£€=Fe+Gy+Hu,,
A (B-126)
X, =Me+ Ny,
where F, G, M and N are the observer gains to be designed.
Denote observation error e, = ¥, — X,, then its dynamic equation can be expressed

as,
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él/, = (A22 + LA]z)el/,. (B-127)

Obviously, the observation error e, — 0 if only if Ay, + LA, is Hurwitz. One can obtain

that if there exist positive matrix P such that
(Ap + LA)"P+ P(Ap + LAyy) <0, (B-128)
then Ay, + LA, is Hurwitz. The equation (B-128) is equivalent to
AP+ PAp+WA+ AW <0, (B-129)

where W = PL.

One can note that the equation (B-129) is the standard linear matrix inequality
which can be efficiently solved by Matlab LMI toolbox to obtain the matrices P and Q.
Furthermore, the matrix is determined by L = P71Q.

Defining € = x, + Ly yields,

E= )%2 + Ly
= (A + LApp)%2 + L(Any + Biuy)
+ A21y + BQM), + (Bz + LB])M),. (B-130)

Then one can obtain the observer gains as,

F = A22 + LAIQ,

G=(Ay+LAy,) - (An+LAp)L,

H=B,+ LB, (B-131)
M =1,
N=-L.

Using the estimated disturbance ¢ (¢), the following composite controller will be

designed via H,, technique,
C 1.
u, = ﬁ(kbxz + Elp), (B-132)

where k,, is the H, controller gain to be designed.

Substituting (B-132) into (B-121), yields
1
Xy = —ka2+E§(t), (B-133)

where ¢ () consisting of observation error and other harmonics is the disturbance. The
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following condition is presented to calculate the admissible H,, controller.
For given constant o, if there exist positive scalars w;, and j,, such that

2Wb+1 %]b

<0, (B-134)
sir —0°
then the system satisfies,

1. the difference of capacitor voltages x, = v.; — v, converges to zero as t — oo in
the absence of disturbance;

2. under zero-initial condition, the following inequality

+00 +oo
/ x3xdt < o* / sledt, (B-135)
0 0

holds in the presence of disturbance input ¢(¢).
Moreover, if the couple of scalars w,;, and j,, are found, we can get H,, controller gain as
kp = ‘Jv—;’

Simulation and experimental results for the proposed controllers can be found in
Chapter 4, pages 56-62.

In this part, a novel control strategy has been proposed for three phase three-level
neutral-point-clamped (NPC) power converter by taking advantage of cascade control
structure including instantaneous power tracking control loop, voltage regulation loop
and voltage balancing loop. To deal with the model uncertainties of the system, a
set of adaptive sliding mode controllers have been designed via RBF neural network
technology in the instantaneous power tracking control loop. In the voltage regulation
loop, an efficient but simple adaptive controller has been developed to regulate dc-link
output voltage for simpler implementation. Then based on the reduced-order observer, an
H,, controller combined with reduced-order observer is established to ensure imbalance
voltages between two dc-link capacitors close to zero. Finally, the experimental results on
NPC converter have demonstrated that compared with the PI control, the output voltage of
proposed control strategy has rather smaller voltage drop and remarkably shorter transient
time and the difference of capacitor voltage of proposed control strategy is smaller almost
close to zero. Based on this fact, the devices of injecting a zero-sequence voltage and
feedforward compensation can be replaced by our proposed control strategy, leading to

the reduction of weight, size and cost of the power converter.
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4. Second-order sliding mode control for three-phase two-level grid-
connected rectifier under unbalanced grid conditions

This part of the thesis is taken from the following paper:

Y. Yin, S. Vazquez, A. Marquez, J. Liu, J. I. Leon,L. Wu and L. G. Fran-
quelo, Observer-Based Sliding Mode Control for Grid-Connected Power Convert-
ers under Unbalanced Grid Conditions, IEEE Transactions on Industrial Electronics,
DOI:10.1109/TIE.2021.3050387.

The original paper can be found on: https://ieeexplore.ieee.org

A novel robust control strategy for three-phase power converters operated under un-
balanced grid conditions has been proposed. A consolidated control objective is obtained
in the stationary af frame, which can be flexibly adjusted according to the degree of
oscillation in the active and reactive powers and the balance of the three-phase current.
Based on the dynamics of the converter and control objective, a control scheme in a
cascaded framework is presented, in which an adaptive observer is applied to estimate the
positive and negative sequences of the grid voltage. In the current tracking loop, a super-
twisting algorithm current controller coupled with a super-twisting differentiator (STD)
is implemented to track the current references, featuring rapid dynamics and improved
robustness. Additionally, in the voltage regulation loop, an effective composite controller
is developed to regulate the dc-link voltage, where a super-twisting observer is used to
estimate the load disturbance, thereby improving the performance of the converter. The
experimental results have been provided to confirm the effectiveness and superiority of
the proposed control strategy.

4.1 Problem Formulation and Preliminaries

It is considered that the grid voltage v, can be unbalanced. It is assumed that v,

is composed by fundamental components of the positive and negative sequences. Then,

Vabe Can be written as:

Vabe = Vipe + Vo (B-136)

abc>
with the positive-sequence component
V*sin(wt + 6%)

Vipe = | V*sin(wr + 6% - 21) |, (B-137)

_ V*sin(wt + 6% + %7‘() |
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and the negative-sequence component
V= sin(—wt +67)

Vabe = | V™ sin(-wt + 6~ + 37) | - (B-138)

V= sin(—wt + 6~ — 37)
In (B-137) and (B-138), w is the grid angular frequency, V* and V™ represent the positive-
and negative-sequence voltage amplitudes, respectively and 6" and 6~ are the initial phase
angles of the positive- and negative-sequence voltages, respectively.

Using the power-invariant Clarke transformation, the grid voltage can be represented

in the a8 frame as:

cos(wt + 6%) cos(—wt +67)
Vap =Vapt Vo =V" +V" , (B-139)

sin(wt + 6%) sin(—wt +67)

+
’®

where v, = [v},vi]" and v, = [v,, vg]".

The averaged model of the power converter in the stationary af frame is,

diwﬁ Vdc .
= Vap — Uap — Tlap,
dt 2
B-140
i vlec — Vdc l/tT . _ Vflc ( )
dr\ 2 2 W% R,

where i, and u,z are the grid current and the control input in the stationary o8 frame,
respectively.

The grid current reference can be calculated as:

i P* Vi +év, * vy —&vy
@ - 5D «TVa +5_257 BTV | (B-141)
i ! *lvptévy ! 2 -vh +évy,
where P* and Q" are the active and reactive power commands, respectively, D = ||v7, ||> +

V5%, D2 = |V, |I> = [Iv4|* and & is called the coordination coefficient, satisfying —1 <

s
¢ < 1. One can select different values of the coordination coefficient to satisfy the different
requirements in practical applications. In the case of £ = —1, the control objective is to
eliminate the ripple in active power. If the ripple in active power is removed, the dc output
voltage can also be regulated to a desired constant value. However, it should be noted that
eliminating the ripple in active power comes at the cost of unbalanced three-phase current
and increases the ripple in reactive power. In the case of & = 0, the control objective is

to eliminate the negative-sequence component of the grid current, while there still exist
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ripples in the active and reactive powers. In the case of £ = 1, the control objective is to
eliminate the ripple in reactive power; however, the negative-sequence component of the
grid current still exists, and the active power fluctuates. In addition to these three cases,
the coefficient £ can be selected as an arbitrary value in the range of —1 to 1 to balance
variable control objectives, which can improve the system control flexibility.
4.2 Control Strategies
4.2.1 Positive and Negative Sequences of the Grid Voltage Estimates

It can be determined from Section II-B that regardless of the control objective, both
positive and negative sequences of the grid voltage are required.

The positive and negative sequences can be obtained using an AO as:

vig=0.5 (v(,ﬁ + ;‘;ﬂaﬁ) , (B-142)
_ . Do 5
V(Y,B =0.5 (vaﬁ - goﬂaﬂ) , (B-143)

where

QO = 7‘7?,5]1903,

ﬁaﬁ = w'().]{)aﬁ,

ﬁaﬁ = Qo]ﬁaﬁ + /1\70[,3,

- (B-144)
Wy = VL2,

0-1
J= :

10

Vap = Vap — Vap, and 4, y and @, are positive constants to be designed.
4.2.2 Current Tracking Loop
4.2.2.1 STA design
The STA is applied to the current tracking loop ensuring convergence of i,z to its
reference i}, = [i},i5]".
Define the current tracking error i,z = iop — Iz~ From (B-140), it can be obtained

that

< 1 Vde . LS
lap = Z(Vaﬁ - %l/laﬁ — I"laﬁ) — laﬂ' (B-145)

Define i,z as the sliding mode variable. The STA is designed as:

2L V(xﬁ

Uagp = J(ﬂaﬁ + T - lflﬁ)’ (B'146)
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where ap = [fta, up]" with

rd 1 . 7 ! . v
Hj=2a; |ij|2 sign(i;) +Xj/ sign(i;)ds, (B-147)

1o

in which 4; > 0and y; > 0, j € {, 8}. Note that the term ‘ri,z’ does not appear in (B-
146) because the parasitic resistance r is usually unknown, and therefore, it is considered
as a system uncertainty.

Substituting (B-146) into (B-145), one obtains:
fap = —Hap + dap. (B-148)

where d o5 = [d,, dg]" is a lumped disturbance including all the uncertainties and distur-
bances of the system.

Using (B-147), the error dynamic (B-148) can be rewritten as:

i; = —A,|i;|>sign()) + ¢, (B-149)
¢; = —x;sign(i;) +d;, (B-150)

where d i, J € {a, B} is the variation rate of the disturbance d;. In the following, it is

assumed that it is bounded; i.e., | dj” < Dj for the positive value Dj, Jj €{a, B}

Next, the stability of the error dynamic system (B-149)-(B-150) will be proved by
Lyapunov stability theory. For convenience, the proof for i, is only considered because
sliding variables i, and ig, are decoupled and the proof for iz can be obtained following
the same steps.

Consider the following Lyapunov function candidate:
Va :QT,Hafm (B'151)
where £ = [Za1, La2]” = [[Fal?sign(ia). ¢o]” and the matrix

1 /l%y+4Xa _/la

H,
2

1, 2

is a positive definite matrix since both 4, and y, are positive constants.
The time derivative of {, can be written as:

1

a = _(Aaga + Bafga)’ (B—152)
|§al|

¢

where
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—da 1 0
Aa: 22 ,B, = agazléalld'a-
_/\/ao 1

The Lyapunov function derivative (B-151) becomes:

Va = é;gHaga + {Z;Haéa
1

- |7 1 (2€(Z;A(Tt +28@B£)HCI§G
M
< |7 | 1 [(2§£A7r; + 28(132)1{050 + D_ilial - Si]
io|2
1 _
AL [(L(ATH, + HoAy + DOWo) o +260BLH Lo — 651, (B-153)
Io|2
where the matrix
10
W, = .
00

Using matrix Young inequalities, it can be obtained that
2e,B Hylo — 8% < (LH, B B Hyl . (B-154)

Substituting (B-154) into (B-153) yields

. 1 _
Vo < — ; (P(ATH, + HyAy + D Wy + HyBoB H,)
1q|2
1 7
=——( Mylq, (B-155)
lial?
where
S0 22,220,-1) 15(1e-1)
M. = D(l _/la a 4

2
2 2

Based on the Schur complement Lemma, one can select

Ao > 2, (B-156)
A3+ D? (44, - 8)
(42, -8)

Yo > (B-157)

to guarantee V,, < 0.
Based on LaSalle’s invariance theorem, it can be concluded that £, converges to zero

when t — o0, i.e., (o = (o =0,and theni, =i, =0.

- 147 -



4.2.2.2 STD design

It should be pointed out that controller (B-146) requires the information of the
derivative of 7, ;. This term affects the system performance not only during the transient
state but also in the steady state because it is a sinusoidal signal. It is well known that the
conventional linear differentiator method is sensitive to measurement noise and that the
time-lagging phenomenon is inevitable. Thus, it is proposed to use an STD to calculate
the derivative of i}, ; with robustness to measurement noise.

Define an auxiliary system as:
Za,B = Vap, (B-158)

where z,4 and v,z are the state variable and the control input of the new system, respec-
tively.

Denote
Sa/ﬁ =Zap — lilﬁ’ (B-159)

as the sliding variable.

The time derivation of (B-159) is:
Sap = Zap — Lygs (B-160)
Then, using (B-158) and (B-160), it becomes:
Sap =Vag — i’;ﬁ. (B-161)

Design the controller v,z = [va, v5]" as:

l . t .
Vi = —Asiaj |sj|2 sign(s;) —/\(staj/ sign(s;)ds, (B-162)

4]

where Ay4; and xs.qj, j € {a, B} are positive constants.

Substituting (B-162) into (B-161),
L .
§ = =Asias|s;|* sign(s)) + @sra;s (B-163)
()bstdj = _XstajSign(sj) - l;, (B-164)

where it is assumed that the sz” < €ya; for the positive constant €,4;, j € {@, 8}

Based on the results from (B-151)-(B-153), one can select

Astaj > 2, (B-165)
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Aztdj + Eftdj(4/l”dj - 8)
/lstdj (4/1stdj - 8) ’

to guarantee that system (B-163)-(B-164) is asymptotically stable; i.e., s; and §;, j €

Xstdj > (B-166)

{a, B} converge to zero. Therefore, using (B-161), the STD can be defined as:

lop = Vap- (B-167)
4.2.3 Voltage Regulation Loop
Given that the current dynamics are much faster than the output voltage dynamics,
from (B-140), it follows that

dvgc 1
C=t = — (P = pu), (B-168)
dt Vde

2
in which P* is the active power reference and p; = Ri,f is considered as a disturbance.

The system (B-168) can then be expressed as:

Zde = é(udc —dy), (B-169)
where z4. = %, uge = P and dyp = py.
Next, the composite controller
Uge = —kaceqe +dp, (B-170)
is designed to regulate z4. to its reference 7}, = (V:IzC)z’ where v, is the dc-link voltage

reference, eqc = Zac — 2;.» kac > 0 is the proportional controller gain and d; is the
estimate of d; calculated by means of an STO.

Design the following STO:

A

5 1
€ac = E(udc —-dyp), (B-171)

where the é,. is the estimate of the e ..

If one defines the observer error ég;, = €4, — €4., then its time derivative is:

1 .
10 = E(dL - dL) (B-172)

This can be observed if é,,, = é,,, = 0, such that d; = dj.
Similarly, from (B-151)-(B-153), one can design
t
i = ~Auolésal ign ) = oo [ sign(@u)ds (B-173)
o

where Ay, and yj,, are positive constants selected as in (B-156) and (B-157) to guarantee
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that é,;, = é5;, = 0. Note that unlike the high-gain observer and extended state observer,
the proposed STO can estimate d; without steady-state error.

Moreover, the errordynamics of the system (B-169) can be rewritten as:
1 A
€dc = E(_kdcedc +dp —dp). (B-174)

It can be concluded that e4. — 0, 1.e., vge — v, if ch —dj.

Simulation and experimental results for the proposed controllers can be found in
Chapter 5, pages 75-81.

The aim of this paper is to propose a new control strategy in the stationary af
frame to improve the performance of the three-phase ac/dc power converter operated
under unbalanced grid conditions. An STA current controller coupled with an STD
has been implemented in the inner control loop to accomplish the current control. In
the outer control loop, a proportional controller combined with an STO is designed to
improve the anti-interference ability of the system. The feasibility and effectiveness
of the proposed control strategy have been experimentally evaluated. The results have
shown that the proposed control strategy can flexibly achieve different control objectives
such as eliminating the active and reactive power ripples and balancing the grid current
to meet different application requirements. In addition, the experiments confirm that
the new current control loop exhibits faster dynamics and stronger robustness than the
state-of-the-art proportional-resonant controller in the af reference frame. Finally, the
results demonstrate that, in contrast with the conventional PI dc-link voltage regulator,
the proposed outer control loop improves the system response, reducing both the dc-link

capacitor voltage drop and the settling time.
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5. Integral sliding mode control three-phase two-level LC-filtered in-
verter

The problem of regulation output voltage of three-phase two-level LC-filtered in-
verter using disturbance observer-based integral sliding mode (OBIS) control approach
has been investigated. First, the dynamics of the inverter are reformulated to facilitate the
use of the proposed OBIS control strategy, which consider the parametric uncertainties of
LC filter. A disturbance observer is designed to estimate the parametric uncertainties and
external disturbances. Then, an integral sliding mode surface is established considering
the voltage tracking error, its integral and the estimations of the parametric uncertainties
and external disturbances. A sliding mode controller is proposed such that the system
are robustness to the admissible uncertainties and disturbances and satisfy the reaching
condition. The stability of the closed-loop system can be guaranteed based on the Lya-
punov theory. Finally, several experiments have been provided that the proposed OBIS
control strategy is most excellent strategy for system capable of achieving a higher quality
output voltage with robustness and low harmonic, in comparison with classical cascaded

PI control and finite control set model predictive control method.
5.1 Model of three-phase two-level LC-filtered inverter

The dynamics of the output voltage and inverter current can be expressed in the

synchronously rotating dq reference frame,

1 1
‘.}od = WVyog — _iod +—i d>s (B-175)
q CfO CfO f

Y L, + L, (B-176)
Vog = —WVod — 7o —lfg> -

q CfO q CfO fa
. 1
lfg=—7—Voq +Wify + —Vig, B-177)
f LfO fa Lf()
j : [ ra + ! (B-178)
lfg =——Vog —Wifg+ —Vi4, -
fa LfO q f LfO q

where Ly, and Cy( are the inductance and capacitance of the LC filter, w is the syn-
chronous angular velocity which can regulate the frequency of the output voltage, v,q4q
and i ¢ 4, are the output voltage and inverter current, respectively, which are viewed as the
state variables, v;4, is the inverter phase voltage which is regarded as the control input
and i,4, 1s output current which is considered as the unknown disturbance in this paper.
The above system (B-175)-(B-178) are nominal system for the converter without
considering parametric uncertainties of LC filter. However, in practical applications, the
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values of inductor and capacitor may be not exact, i.e.,

Lf = Lf() + AL, (B-179)
C; = Cro+AC, (B-180)

where the L ¢ and C( are nominal values and AL and AC are the parametric uncertainties.
The objective of this paper is to regulate the output voltage v,4, to its desired
reference v dq in the presence of the disturbances and parametric uncertainties. That is,
the errors x; = voq — v}, and xo = vyq — vzq converge to zero.
Therefore, in order to design the controller to resist against them effectively, the

dynamics (B-175)-(B-178) are reframed as,

X1 = wxy +a1x3 +ad, (B-181)
X = —wx| +ayxs +ad,, (B-182)
X3 = —aXx] + wxy + au; + ds, (B-183)
X4 = —QrXy — WX3 + AUy + dy, (B-184)

where X3 = ifd, X4 = ifd and

1 1
ay = —,a = ——,
Cf() Lfo
1 3 AC i
dy = —(- lod + fotfd ,
a Cf()+ACfo Cfo(Cf0+ACfo)
1 i, AC i
d2 = _(_ v + [0 a )9
a Cf0+ACf0 Cf()(Cf()+ACfo)
g = ALx, ALyou;
3 (Lf0+ALf())Lf0 Lf()(Lf0+ALf0)’
ALx, ALf()MZ
dy

B (Lpo+ALyso)Lyo - Lyo(Lyo+ALysg)’

Note that d, and d, are the lumped disturbance including the parametric uncertainties
and external disturbance, while d3 and d, only include the parametric uncertainties of the
system.

5.2 Observer-based sliding mode control

B.0.0.1 Observer Design
The disturbance observer of the plant (B-181) and (B-182) is synthesized as follows:

N 1
dy = a—(fl +41x1), (B-185)
1
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A 1

dy = a—(fz + Aa2x2), (B-186)
2

él = —ﬂl(wxz+611x3+6110?1), (B-187)

fz = - (—wx; +a1xs + Clszz), (B-188)

where d 1 and cfz are the estimations of the disturbance of d; and d,, &, and &, are the
auxiliary variable of the observer, and the 4, and A, are the observer gains to be designed.

Define the estimation errors d; = d; — cfl and d> = d, — cfg. Then the following
Lemma can be obtained.

Lemma B.3 Assume that the disturbances d; and d> and their derivatives are bounded.
For given observer gains 4; > 0 and 4, > 0, the disturbance observer (B-185)-(B-188)
can estimate the disturbances d; and d, such that the estimation error satisfy || d; ||< &;
and || d, ||< &,, where &, and &, are the positive scalars.

Proof. The derivative of the (B-185) can be obtained by using (B-181) and (B-187),

A 1 ~
d, = —A,d,. (B-189)
a

Then the dynamic of estimation error d, is,

o . 1 ~

dl = dl - —/lldl, (B-190)
a

where d; is the derivative of the d,.
Similarly, it can be obtained that,
R 1 -
dy = —Ardy, (B-191)
a

L . 1 -

dr =d, — —Ard>, (B-192)
a

where d, is the derivative of the d,.
Consider the Lyapunov function candidate for error dynamics (B-190) and (B-192)

with the following quadratic form,
Voo = d,Pdy, (B-193)

where d, = [dy,d,]" and P is the positive matrix.

Take the derivative of the (B-193) along with (B-190) and (B-192),

Vo, = d(AT P+ PA)dy, +2d%,Pd),, (B-194)
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where A = ,and d\, = [d,, d,]" satisfies || d» ||< €. Note that system matrix
0 -4,
A is a Hurwitz matrix with positive scalars A, and A,. It is easy to find the positive matrix

W satisfying
ATP+PA <W. (B-195)
Then the (B-196) can be rewritten as,

Vob

IA

~d'\Wd, +2d%,Pd»,
—nlldi IIP+2 1 di Il Pl € (B-196)

IA

where the 7 is the smallest eigenvalue of the matrix W. It can be concluded that the

estimation error dy, is bounded.
B.0.0.2 Stability analysis

Define the following observer based integral sliding mode surface functions,

t
o1 = Ci1x +C3/ x1dt + wx, +ad; + a;xs, (B-197)
0

t
Oy = CoXy + 64/ XodT — wxq + alciz +aixy, (B-198)
0
where ¢y, ¢3, c3 and ¢4 are the positive coefficients selected such that the polynomials

5T+ c181 +C3, (B-199)
s% + C287 + Ca, (B-200)

are Hurwitz stable.
Next, based on the integral sliding mode surface functions (B-197) and (B-198), the
stability condition for system (B-181) and (B-182) in the following theorem is established.
Theorem B.4 Consider the sliding mode surface functions (B-197) and (B-198). If
there exist the positive coefficients cy, ¢;, ¢3 and ¢4 such that the polynomials (B-199) and
(B-200) are Hurwitz stable, then the trajectories of the closed-loop system (B-181) and

(B-182) are bounded.

Proof. The sliding mode surface can been represented as,

t
o] =ci1x; + 03/ x1dt + wxy — aldAl +a1x3 =0, (B-201)
0

t
01 = CyXp + c4/ XodT — wx| — alcfz +a;x4 =0. (B-202)
0
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Then, put (B-181) and (B-182) into the (B-201) and (B-202),

X1 + 1) + ¢3 /Otxldr —ayd, =0, (B-203)
X2 + Coxy + C4 /0 t Xodt — ayd, =0, (B-204)
or equivalently
#1 + X +c3x) —ayd, =0, (B-205)
¥ + CoXo + Caxa — aydy = 0. (B-206)

Define the new state variable z; = x{, 2o = X1, 23 = x» and z4 = X,. The (B-205) and

(B-206) can be rewritten as,
;=A'z+Bdp, (B-207)

where z = [z1, 22, 23, 24" > d12 = [d}, d»]" and

0 1 0 O 00

—C3 —C| 0 0 a 0
A, = ’B’ =

0 0 0 1 00

0 0 —C4 —C 0 ai

Based on the (B-199) and (B-200), it can be observed that the matrix A’ is Hurwitz matrix.
Solving (B-207), it can be obtained,

t
z=e""7(0) + / eI Bd ydr, (B-208)
0
where the z(0) is the initial value of the z. Further more,

t
Iz Il =l e**z(0) |l +/ I X0 Bdy, || dr

0
t
=l e*" NIl z(0) || +/ I e B ||| dia || dr. (B-209)
0
Since the polynomials (B-199) and (B-200) are Hurwitz stable, it gets
| e ||< ke, (B-210)

where « and S are positive constants.

Using (B-210), (B-209) becomes,
t
Iz Il < ke™ || 2(20) || +6/ ke P || B || dt
0
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= ke || z(to) || +E(€ P-DIB - (B-211)

It can be concluded that the || z ||< ¥, V¢ > 0, where ¥ > 0 determined by the «, €, 8 and
matrix norm || B’ ||. The proof is completed.
B.0.0.3 Sliding mode control design

In this subsection, the sliding mode controller will be synthesized which can guar-
antee the reachability of the state trajectories of system (B-181)-(B-184). The following
theorem guaranteed the reachability condition of sliding motion is presented.

Theorem B.5 Suppose that there exist positive coefficients ¢, ¢,, ¢3 and ¢4 so that
Theorem 1 holds, then, the state trajectories of the system (B-181)-(B-184) will be globally
driven onto the sliding mode surfaces (B-197) and (B-198) in finite time. The sliding

mode controller is designed as

up=up +ul, (B-212)

Uy = Uzp + U, (B-213)

where u;;, and u,, denote continuous control input part and u;. and u,. denote the

discontinuous control input part. Two parts are designed, respectively, as

1 ~
Up = [aiarx; — ajwxs — ¢ (wxy + ady + a;x3)
aan
— w(—wx; +alcfz+a1x4) — ko = c3x1], (B-214)
1 A
Usp = [aiarx, + aywxs — cr(—wx; + ady + a1xy)
aay
— w(wx, + a,d, + a1x3) — koo — c4x2], (B-215)
ui. = —kssign(oy), (B-216)
Uze = —kysign(o>), (B-217)

where ki,k,, k3 and k4 are the positive constants to be designed and sign(-) is the sign
function.
Proof. From the (B-197) and (B-198), the dynamics of the sliding mode surface

functions can be obtained as,

O] = C1X1 + C3x1 + WXy +ad; + a;Xs,
= C1(0.)X2 +ax;+ Cl]dl) + Cc3x1 + a)(—wx1 + a1 xy + Clldz)

+(l16jl +(11(—(12.X1 + wx4 + aruq +d3), (B-218)
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Oy = CoXp + C4Xp — WX + Cl]d2 +a1x4
= cy(—wxy + ayxy + ayds) + caxy — w(wxy + ayx; + ady)
+ d]d,\z + a; (—a2X2 —wx3 + auy + d4) (B-219)

Consider a Lyapunov function as,

1 1
Vs = 50'12 + 5022. (B-220)

Using (B-218) and (B-219), the time-derivative of the (B-220) can be written as,

Vs = 01071 + 0207
=oci1(wxy + aixs +a1dy) + w(—wxy + a1x4 + a,dy)
+c3x) + alcjl + ai(—ax| + wxy + aru + d3) |
+ o [ca(—wxy + ayxy + ayds) — w(wx, + a1x3 +ady)

+ Cy4X> +a1d'\2+a](—612X2 — WX3 +Cl21/t2+d4)]. (B-221)
Then take the controllers (B-212) and (B-213) into the (B-221),

Vss = 0'1(C1611J1 + walcfz + dljl + d1d3 - klO'l - k3Sig1'1(0'1))

+ 0'2(C26116i2 - walcil + aljg + a1d4 — k20'2 - k4SigIl(O'2)). (B—ZZZ)
Putting (B-189) and (B-191) in (B-222), it becomes,

Vss = Ul(clalcfl + (,()6116172 +/11JI + a1d3 - klO'l - k3sign(0'1))
+ 0'2(6‘26116?2 - 0)6116?1 + /7.26?2 + a1d4 — k20'2 - k4sign(0'2))
< —k10'12 + 0'1[(c1a1 +/11)81 + a&3 +wa182] - k3 | (o] |

— koo + oa[(c2a) + D) + ar64 — waye1] — ks | 02 |, (B-223)

where the positive constants €3 and &4 are the bounds of the disturbances of d; and d4. One
can select the k3 > (c1a; + A)e + a1e3 + wa & and ky > (cra; + Ay)e + a184 — wa, €.
Then the time derivative of the Lapunov function (B-223) is less than zero, that is, the
state trajectories of the system (B-181) and (B-182) can be forced onto the predefined
sliding mode surface in finite time.

Simulation and experimental results for the proposed controllers can be found in
Chapter 6, pages 92-96.

In this part, an OBIS control strategy in the synchronously rotating dg reference

- 157 -



Iy R YEE b K2 T 27l 24 16 5
frame has been proposed for the three-phase dc/ac inverter with parametric uncertainties
and external disturbances to achieve a higher quality output voltage with robustness and
low harmonic. The dynamics of the inverter are reformulated to help design the proposed
control strategy. A DO was utilized to estimate parametric uncertainties and external
disturbances. Then, a sliding mode controller has been constructed by the estimations of
the parametric uncertainties and external disturbances. Instead of the traditional sliding
surface, the voltage tracking error, its integral and the estimations have been considered as
the sliding mode variable in the controller. Using the proposed OBIS, the UPS system has
obtained the better output voltage than cascaded PI control and finite control set model

predictive control method, which have demonstrated through simulation and experiment.
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