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:L INTRODUCTION

= 60% of the electric energy, produced in
Canada and the USA, transites by static
power converters [Hess, 1998].

= AC/DC converters ensure the interface and
the adaptation of the energy between the
electric grid and the CC loads.



AC/DC CONVERTERS:

HISTORY (1)

= Until the XXt century: use of

electromechanical rectifier, |,
particularly for the railway g

electrification systems and the [l |

variable speed DC motor drives.

= Those rectifiers are
characterized by a lowg

efficiency and a high wusurep

rate.

Nottingham Express Transit




HISTORY (2)

:L AC/DC CONVERTERS:

= During the 70s: use of thyristors and diodes as input
stage in the DC/DC and DC/AC converters.

= During the next years, developpement of power
bipolar transistors, thus favorizing the apparition of
low and medium power conversion electronics.

= At the earliest 80s: the apparition of transistor-based
devices limits the use of the thyristors to the very
high power applications.



HISTORY (3)

i AC/DC CONVERTERS:

Since 1985: The use of IGBTs in medium power knows a large
extension during 10 ans.

In 1997: The apparition of IGCTs for voltages higher than 6 kV,
risks, at long term, to put an end to the GTO thyristors.

In 2002: apparition of silicium carbure based components (SiC).

Since 2004: studies about diamond based components,
allowing operation with much higher blocking and thermal
abilities.



AC/DC CONVERTERS:
APPLICATIONS




POWER QUALITY:

i HARMONICS PROBLEMS
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HARMONICS EFFECTS (1)

NEUTRAL Effects on the transformers
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i COSTS (1) &

a Direct:
Equipments failure
Loss of production
Loss of salaries during improductive periods
Restarting costs

o Indirect:
Production delays
Loss of contracts



i COSTS (2)

= The failure of two transformers in a glass factory in
Europe may cause a loss of about 600 000 € and of 3
days of production [De Keulenaer, 2003].

= A fire, generated by the overheat of the neutral, may
cost until 1 million € [De Keulenaer, 2003].

= The loss of power supply in a telecom edifice may cost
the amount of 30 000 € [De Keulenaer, 2003].



‘L COSTS (3)
- =

Power quality: 120 billions $ US/year

Costs related to harmonics: 50-67%

(£
i+l

10 billions €/year

1.2 billions $/year



Harmonic Emission Limits in QUEBEC

(Inspired from the IEC-61000-4-7)

Hydro
Québec
n impairs n pairs
n 3 5 7 9 11, | [17,23] | [23.35] | [35.%~] 2 (4 6 8 [ =210
See/Sr 13
< 20 1 1.2 | .8 .S 5 .4 .3 2 IS 1S5 3] .2 A5
=20 1.5 2 1.5 ] .75 1 .65 45 3 1.1 [.75[.45] .3 25
et <50
=50 2 3 2 1 1.5 1 7 5 1.5 1 6 | 4 3
et <200
= 200 3 4 3 | 1.25 2 1.5 | .7 22 |15 1 .6 4
S Sy TDDe
<20 1.7
=20 et <50 3
=50 et < 200 4.5
= 200 6

Tableau I: Limites d’émission des harmoniques (1,/1, %)




CLASSIFICATION

i THREE-PHASE PFC/SMR:

= Commutation type: spontaneous / forced,

= Line currents control: active/ passive / hybrid,
= Isolation (or not) of the output stage,

= Power flow: unidirectionnal / bidirectionnal,

= Conduction mode: continuous / discontinuous



ChARACTERISTICS

i THREE-PHASE PFC/SMR:

= Sinusoidal current absorption,

s Resistive characteristics of the mains
fundamental,

= Possibility of regulation on the DC side,

= High power density,



THREE-PHASE PFC/SMR:
TOPOLOGIES
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INTRODUCTION OF THE
VIENNA TOPOLOGY
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L CARACTERISTICS

= Current/voltage phase angl
Between = 30°

= Three-level input voltage

= Reduced ratings of the
Reactive components

Two regulated and equal
DC power supplies

= Immunity against control
errors

=High efficiency



APPLICATIONS

Battery chargers

= p—

Welding units

Integrated
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motors

Air conditioning

Aeronautics and maritime



VARIANTES

Vienna II Vienna IV
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:L DESIGN

= [0 propose a general design methodology
for the Vienna converter.

= [0 construct a 1.5 kVA prototype for the
experimental validations.



Design elements
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SPECIFICATIONS

NOMINAL POWER 1.5 kVA
POWER FACTOR > 0.97
THREE-PHASE SUPPLY 110 V RMS
TOTAL DC BUS VOLTAGE 500V
MAXIMUM CURRENT RIPPLE 15%
MAXIMUM VOLTAGE RIPPLE + 5%
MAXIMUM CURRENT 10 A peak
THD < 7%
SWITCHING FREQUENCY constant




Prevalent switching
sequences
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i Line currents controllability

i, >0 i, <0
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Power stage specifications

Components Specifications
Boost inductors L: (20 mH, 10A), r,= 1.68 Q
Filtering capacitors C,.: (470uF, 450V), L. = 1.93mH, r, = 183 mQ
Decoupling capacitors 2.2 uF. 400V
(dv/dt) snubbers R : (50 kQ, 1W), C : (2.2 nF, 600V), D_: (15

A, 1200 V)

(di/dt) snubbers R:(1Q, 1W), L;: 1.3 uH, D;: (15A, 1200 V)
Four-quadrant switches 1,5 = 50A, Vipg = 1200V, Vg ny. = 2V
Rectification diodes Ve=1200V, I, = 15A




POWER CIRCUIT
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EXPERIMENTAL WAVEFORMS
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COMPUTED ENTITIES

VS
i MEASURED ENTITIES
COMPUTED VALUES MEASURED VALUES

T g (A) 1.07 0.84
Lpg s (A) 2.4 2.02

Lt g (A) 0.94 _

I, (A) 2.06 -
L oe (A) 0.8 0.75
L. (A) 4 3.8
LOSSES (W) 34.5 51
EFFICIENCY (%) 97.7 96.6




AUXILIARY CIRCUITS

Opto-insulation board

Sensors

Protection circuit




EXPERIMENTAL SETUP
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:L MODELING

= To propose reliable models for the Vienna
topology, for dynamic analysis and control
design aims.

= To experimentally validate the proposed, in
order to conclude about their precision level.



MODELS TYPES

+

4 )

MODELING

o J

\

LARGE
SIGNAL MODEL

J

4 )

SMALL
SIGNAL MODEL

- J

STATIC
MODEL




LARGE SIGNAL MODEL




i AC SIDE STATE EQUATIONS

Configuration: (0,1,0); (z,>0,i,>0, i.<0)
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DC SIDE STATE EQUATIONS
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abc/dgo TRANSFORM
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ERAGE STATE MODEL
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EXPERIMENTAL VALIDATION OF THE
i LARGE SIGNAL MODEL (LSM)
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VALIDATION 1: PHASE PLANE METHOD
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TRAJECTORIES IN THE PHASE PLANE
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i SMALL SIGNAL MODEL
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i TRANSFERT FUNCTIONS DERIVATION
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EXPERIMENTAL VALIDATION OF
THE SMALL SIGNAL MODEL
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EQUIVALENT MODEL OF THE RECTIFIER
IN THE FREQUENCY DOMAIN
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STATIC MODEL
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i ELABORATION OF THE STATIC MODEL
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FUNCTION DUTY CYCLE- DC VOLTAGE
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FUNCTION DUTY CYCLE-DIRECT
CURRENT
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FUNCTION DUTY CYCLE-DC
VOLTAGES UNBALANCE
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CONTROL TECHNIQUES APPLIED
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i QUASI-LINEAR CONTROL

= This concept has been recently introduced by
Kelemen/Bensoussan in 2002, for SISO
continuous systems.

= A quasi-linear controller is a lead/lag
compensator, which gain may be indefinely
increased and its poles are accordingly adjusted:

kﬁ(SJfZi)

Gc (8)= r-li:1

[T6+at’)

i=l1




Arbitrarily fast and robust tracking

i by feedback

_____________________________________________________________________________
|||||

| Controller || , CDA ii | Hant |
| | | |
. 477, | '
Ve (2 Gzl [ M OB [ GS
A 1 CAD Il
V) e
Digital Vo Physical

Processor Interfacing Plant



EXAMPLE
6,2
Gp(s)z 5> 0.1<6<3, 6&=1 nomina
s(s+6)
. B
G..(s) = k(s + 1)
(s + 2)




Step responses of a conventional lead/lag
controller for different gain values

Amplitude
o o
(=]

Amplitude

2

Réponse indicielle

i
10

i i i i
15 20 25 30 35

t(sec)

Amplitude

t{sec)

k=6




and system stability

| Linear controller: paranmetric variations

Diagramme de Black

60
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-80
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for different gain values

| Step responses of a quasi-linear controller

/ k(S+Zl\)(S+Z2) \
(s+a1kfXS+a2kf),

G..(s)= f=5/12

Step Response

Amplitude

t(sec)



and system stability

| Quasi-linear controller: parametric variations

Diagramme de Black
100 ; .

50

-50

Gain (dB)

100}

-150

200f

_25 i i i i i
-STD -225 -180 -135 -90 -45 0
Phase (deqg)



Design of quasi-linear controllers for Vienna

converter
Inner loops Outer loop
Va v,
...... Vo X
i Gt () © Gz ()

I — G,(s) —>@

o

dl; 1 G g3 (s) >A‘;dc




QUASI-LINEAR CONTROLLERS

i EXPRESSIONS
V ,S‘(S-l-O(ll Kd(S-FZld K <0
Gidn(S) - 2L den(s) ‘ d(S):/K( S+ald( Kd)f ) , <

__‘/0>l< (S2 +TOS+O’,13) I{iq \
GO =0 dontsy Wl ) sra, (K, ") f <t

0(«/51 § S+Zv)
G a3 (8) = ‘ H, (s)= Kl Af , K, >0
Co(5+a15 s(st+a, K, ")
6V
G(S): s ‘HV(S): K(S+Z) KV>0

den(s) = s> + 70s2 + ((0020(12 +043)s +T,0,



QUASI-LINEAR CONTROLLERS
PERFORMANCES IN CLOSED-LOOP

Variable | Parametres dans Parametres Poles dans le continu t;(ms)
controlée le continu dans le discret
zia =1 Zidd =1 -6.315x 10’
ia aia=0.05 aiga = -0.9524 -9.69x 10" 0.31
fia=0.75 kiga = -10.0265 -2045
kig=-(10"%) -52.07
Qig =2 iga = -0.8880 -1.4137x10°
ig fig=0.5 Kiga =-9.3471 -10 + 420 1 0.46
kig =-(10"") -10-420 i
-20
ax, =0.25 Zavg =0.9997 -8010
AVye Iav = anvd = -0.0586 -342.2 50.6
Jay=0.75 kava= 4.4104 -2
kay = (10%
a, =0.25 Zva = 1 -1160
Ve v = a,g=0.2873 -265.2 712
fr=0.75 kva=0.0133 -6.39
kv = (10°)




REAL-TIME IMPLEMENTATION OF THE
QUASI-LINEAR CONTROL SCHEME

MLI 1

Vabe

f

+
d; /WM —~[S] Signal I Ve
T i B . J
d —| > | Signal 2 . . Ve ]
2 1T - Vienna rectifier o+ +
0 MLI 3 i "\
d 1 —» > | Signal 3 abc
3 -’6 .
Lobe i
_7;2_..abc
w,t > .
Av de VdCI labq ,
‘ d; ‘iq
Changment |« H;;;(2)
des rapports d' dqo d' y
cycliques |_“2 | / d lihﬂi(Z) }1vd(z) +
abc
Eq. (3.11) ci’ '
4 do Hp,q(2)
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CONTROL TECHNIQUES APPLIED TO
* THE VIENNA RECTIFIER

( )
CONTROL

\_ | )

" LARGE )  SMALL )
SIGNAL SIGNAL

L MODEL p ¢ MODEL p
) 4 : N ( N
NONLINEAR NAODNALI:II;III;’AER QUASI-LINEAR
CONTROL  contRoL | | CONTROL




NONLINEARITY-COMPENSATING
i CONTROL SCHEME

Compensation
de non linéarité

———————————————————————————————————————————————————————————————————————————————————————————

Controleur

STABILIZING LAW LINEARIZED SYSTEM



APPLICATION TO THE
VIENNA CONVERTER

PRI
o T 10t ]
SN

s

Y PRI K*

t

Vabe Labe
W TTT |
' wr Y v iz it
PLL abc/dgo |
PWM v . . .
M 0Vd Vae| e e AVl Ta) AV vg| vy
a
Apl o I_YVY vy Y Y \
dl c flid Transformation )i Loide gld Génération Balance Régulateur de
E ' , o - | des courants I de tension v
3']61] d2 6/1 fiq non-linéaire 2 commande lq de référence |, | Puissance _@ + V;c
1 A E3 H
Ad3 q fZIO Eq. (5.22) J}i stabilisante _Al}d( Eq.(5.16.a) V(Z)
0 Eq. (5.25) Eq. (5.16.b) Eq. (5.27) Eq. (5.29)

B B B B >



i NONLINEARITY COMPENSATION

i (k+1) ]
i,(k+1) |=F,(x.6,)+G,(X,6,)d(k)
_Avdc(k+1)_

. B

d(k):Td_](Xﬁd’V): G;'(X,6, - Fy (X’Hd)+v(k)]

<




LAWS

i STABILIZING CONTROL

iy (k+1)=a,i, (k=) +b,i, (k) +c,i’ (k)
i, (k+1) = a;i, (k=1)+bji, (k) +c;ii (k)

Av, (k+1)=a,,Av,, (k—2)+by,Av,, (k—1)+ ¢ Avy, (k) +d AV (k = 1)

+e,, AV} (k)

i B

v (k) =ai,(k=1)+bi (k) +c;i; (k)
vy (k) =ai, (k=1)+bi, (k) +c;it (k)

(k) =a, Av,.(k—=2)+byAv, . (k—1)+cp,Av, (k) +d AV (K —=1)+e, AV (k)

<
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REFERENCE CURRENTS
GENERATION

T 3

Vic (k+1)= Ve (k)+

— [y2 442
V=\vi+tv;

S|:
c Vdc

oF

(k)

VI (k)—i

. B

I (k

) C v (k)W (k) +v . (i (k) +i7, (k)

3,v3 (k) +v2 (k)

N
ES
s )i
1, = V
‘ V2 +p° ‘
d q
N
sk
g )i
lq — 5 5 vq
w/Vd +vq




DC VOLTAGE

i REGULATION
kD) = v () + Ty (k) e Yt s
Ve +D) =g )+ Tak) e SE S = o
. 2
K, (z+a,)




Chi[ 100V |Ch2[ 100V  |M[10.0ms A Chd
Cch3| 100V EEE 10.0AQ |
W[1.400 %
Tek stop | [ i1 ]
T — L R——
l’: :
B . VSRS ... GOSN ...
(25

Ch3[ 10.0 A <2 |@E|

29.40 %

'EADY STAT

.75

0.5

.25

27 Feb 2007 35
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e
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I PreVu | [

ULTS
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S
1 1 1 1 1 T
R
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THE VIENNA CONVERTER
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MODEL REFERENCE ADAPTIVE

+

Yref -

CONTROL
Modele
g de
référence
Controleur systéme
u
X = f(X,
ais) | X=/Xu)
y:h(X,u)
Paramétres | estimateur | e

estimés

o]




PRINCIPLE OF THE INPUT/OUTPUT

LINEARIZATION

e e — Vi >
|
Uy ey . 22 > ( ) ]
E X =f(x,0)+g(x.0u| * | Tl X Z ol X O
1Y =h(X,0) - _
: | L h(x.020, wx
w o Y
B
(41) i L(’“)hl i,
= +A(X,0)
_Y,Sf’")_ 7 G )y, u




LAWS

i ADAPTIVE LINEARIZING CONTROL

0=0-A6

u :u(X,Q) :A—l(X,H)

oA

X,6




STABILIZING ADAPTIVE CONTROL
i LAWS

Al

\/;i =—ik; yj+Ri

J=1




LYAPUNOV
FUNCTION (ENERGY)

n=E-¢, &= Aref 2‘+W2£X,2’]2’
. .
V =nTPnp+AOTT-1A8

. B

V = —nTn 42T PWIAG +2AOTTABX 0

0
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PARAMETERS ADAPTATION
SCHEME

§=—A0=TSWI
=1

.

A A

X,0,u




APPLICATION TO THE VIENNA RECTIFIER

Gate .

signals ‘
I;
Va .

L Iy 1a
VAVAV

— ¢

15
I
i

A ,
L I 1c
,_@imyw«v
ERCIIEN
w1  J Y -
PLL 0 abc/dgo |
A . .
Ve 9 la|la Avg
PWM
M -
Y =h(X,0)
[ N A
A Alal a \ !
v J el Y YUY yryYiy Yoy V3
1 1 1 Entrées | V||  Entrées l; Génération Balance Régulateur
A A e ~ |linéarisantes | M| auxiliaires [ @ | des " de de
dz Eq d2 /| Uy ﬁ stabilisantes courants L puissance | V4| tension Vjc
E - o «—] +
< A (3.11) A ldl A q. A ly références
d3 dé gl us (6.38.a - P Eq. le—| Eqgs. Eq. Eq.
53 i 638¢) | (639 (6.48.a—b) (6.47) (6.49)
— — A
* E:Y_Yref ‘g‘

A Loi
0 d’adaptation

des

parametres
Eq. (6.46)




DERIVATION OF THE LINEARIZING

INPUTS
<I Y1=114, Y2 iqa ySZAVdC
a B
1)
V1 ()’] (k)+91d+‘92d yy(k)— ‘93d Xy(k)u; (k)j (Aé’zd +A460>; y,(k)— A5 X 4 (k) bﬂ)}
U
Y2 = Y2k)+6y—6r y1(k)—054 X4(k)uz(k)] (4‘94d — 465, y,(k) —A93dX4(k)bﬂ)}
(_]) _
y3 = )’3(k)+96d Vi (k)uz(k)+97d )’3(k)+98d X4(k)—65, ;3((13) [)’1 (k)u; (k)+Y2(k)uz(k)ﬂ
4

A A

N N N k
@ 3100+ 350 (k)ﬂ

Ga 1)Uy () + 4874 33 (k)+ Agq Xq (k) = A5~ (k)(
A 4
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DERIVATION OF THE STABILIZING
CONTROL LAWS

AN

vi(k)=—k{ y,(k)+Db, y;'ef (k); 1={123}

k1| [oor]  [B | [.999
k2 |=|.001|, |b,|=|.999




PARAMETERS ADAPTATION
SCHEME

0,(k+1)=6,(k)+TWITPE

< \
E(k)=Y(k)=Y, (k)
[ A
W)= 0 XTI, -X;Lu, T, 0 0 0 0




ZERO DYNAMICS

i STABILITY

»>Internal dynamics describing the DC voltage (v,) ont eté
ignorées lors de la phase de linérisation.

»The zero dynamics describe the internal behaviour of the
system when the inputs and initial conditions are chosen in a way

to zero the outputs:

T 1 1
k+1)=v, \k)1-——= +
vdc( ) vdc( ) ) Cdc [ R C_}_C RJCJ

. . _ T (11
Is asymptotically stable for: {1 . (R;c + i ﬂ #0



STEADY STATE RESULTS

[fekcStop T —— N

“UM[To.oms A Cha - 1.30 A

19 Jan 2007
il 4.200 % 15:02:04 Mat il 10.0 dB 250 Hz |ii[3.600 % |

0.4 0.9 14
Load Power (kW)

Ch3[ 10.0AC [SEE[ 10.0 A< | 19 Jan 2007
Math | 10.0 A 4.00ms |1i[4.200 % | 15:06:45




Critere Conditions Entités comparées QL NL NLA
Pas de calcul (us) 38 39 39
Efforts Toutes Nombre de variables mesurées 5 10 10 |
d’implantation Nombre de parameétres a régler 11 11 22
THD (%) 6 6 7
Puissance nominale FP 0.99 0.99 0.98
FDP 1 1 1
Performances en 50% de la THD (%) 7 9 13
régime permanent puissance FP 0.98 0.97 0.96
nominale FDP 1 1 1
30% de la THD (%) 10 15 19
puissance FP 0.97 0.95 0.94
nominale FDP 1 1 1
Puissance THD (%) 6.5 8 10
nominale Dépassement en tension (%) 9 0 2.3
Transitoires durant Ry =60% Rg." temps de stabilisation a £5% (s) 1.3 0.24 0.04
un déséquilibre de 50% de la puissance THD (%) 7 9 11
charges nominale Dépassement en tension (%) 16 0 2.5
Rac=50% Ryt temps de stabilisation a £5% (s) 4.32 140 0.05
30 % de la puissance THD (%) 13 15 16
nominale Dépassement en tension (%) 40 0 4.8
Ry =30% Ry.* temps de stabilisation & +5% (s) 6.24 0.2 0.08
Dépassement en courant (%) 45 33 33
Transitoires durant Puissance Dépassement en tension (%) 32 8 5
la perte d’une nominale temps de stabilisation & £5% (s) 5 0.02 0.032
phase Ondulation de la tension DC (%) 10.5 9.3 11




STEADY STATE
PERFORMANCES

TDH (%)

] ]
08 1 12
Puissance de la charge (KivY)

14 16

0.99
098
o g7
096
095

094

0.9%.4

| |
0.8 1 12
Puissance de la charge (KYW)

14 16




PHASE PLANE
TRAJECTORIES

L

1 | | | |
-EDD 400 200 0 200 400 GO0



TRANSIENTS DURING DC LOADS
UNBALANCE (2

NLC

Ch2[ 100V

“M[1.005] A Ch1 # 400mv

5.00AC

ch3 100V 5. 00 A C2

100V M[1.005 A Chd + 1.30 A

Cch3 100V Chdl 5.004AQ

Cha[ 100V M[4.005] Al Chd £ 700mA

100 vV

“M[1.00s] Al Chd £ 1.40 A

100V M[1.005 A Chd + 1.90 A

chzl 100V

W s 00AG ]

chal 100V Ichal 100 A G |

chal 100V Ichal 500 A G |



QLC VS NLAC

i UNBALANCE OF PARTIAL DC LOADS:
QLC NLAC

P

I =

- \ | "ML ]H”u

Ch3 100V [ 10.0AQ | 17 Jan 2007 L 10.0AQ | 17 Jan 2007
12:03:50 12:24:03



TRANSIENTS DURING A TEMPORARY LOSS
OF PHASE (a

Tek Prevu | f

R

& |

Ch3[ 100V
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19 Jan 2007
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PHASE LOSS :
QLC VS NLAC

QLC NLAC

Tek Prevu | —1+— - ---- - . Tek Prevu | 1 - S ,

v SEIRER IR BB N A S |

Chil 100V Ch2| 100V  M40.0ms A Ch4 / 1.80A
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SENSORLESS CONTROL USING AN
i EXTENDED KALMAN FILTER

Boucle de (@
commande systéme
Xref L]
—>
- Controleur u) | X = f(X,u) | Y0
' =h(X,u)
Yy ,
Observateur
>




i EFK EQUATIONS

/

2= 1.0+ 0, )

X, (k+1)=f,(X (k)u,(k))+a,, k)

Extended state
vector

\\

System noise

Measure vector

Measure noise




CONVERTER
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Ly
Avdc

i APPLICATION TO THE VIENNA
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ESTIMATED VARIABLES

VS

MEASURED VARIAB

Te
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STEADY-STATE RESULTS
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1.

i CONTRIBUTIONS (1)

Generalized design approach for the Vienna
topology, which may be extended to different
power levels and switching frequencies.

Complete and reliable dynamic model for the
Vienna converter.

|dentification of the converter in large and
small signal regimes In the synchronous
reference frame, which differs from the
conventional identification procedures.



4.

i CONTRIBUTIONS (2)

Adaptation of the new quasi-linear control
theory to the discrete systems and multi-input-
multi-output systems.

Use of the sensorless control concept, largely
used for electric machines, for the power
converters.

Publication of 4 revue papers (lIEEE
transactions on Industrial Electronics (3), IEE-
Electrical Power Applications (1)).



i CONTRIBUTIONS (3)

Publication of 13 |IEEE conference papers, with
ecture comity (IECON (5), ELECTRIMACS (2),
SIE (2), EUROCON (1), ICIT(1), MELECON (1),
AS (1)).




