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% Introduction of Sliding Mode Control

B Concept of Sliding Mode ( Second order relay system )

r=u, - Upper semi-plane :
U= g SENs), s=ex+ X, ng.olconst

=0 = w=—wy, — ¥=-w,

+ State trajectories are towards the line swi
+ State trajectories cannot leave and belong

+ Afrer sliding mode starts, finther motion i

Ini sliding mode,
|:> the system motion is
X

(1) governed by 1st order
equation (reduced order).

(2) depending only on ‘¢’ not

plant dynamics.
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Canonical Space

xrax"a_x""+..+a,x=bu+f(t)

a (1) and b(t) are unknown parameters
f{t) is disturbance
u*(x,t) if s>0
uixt) ifs<0
u'(x,t) 7{ u=(x,t)

(n1) (n-2)
s=X +C1X +...+C1X
R

x(n~|)

Control U = {

X

Siiding Mode Equation (n-1) (n2)

on paramelers and
disturbances

1-s1 Stage:

Canonic Space Design

Disadvantages

» High order time-derivatives

e Control and output may be vector-
valued

e Accessible for measurement com-
ponents of the system state are not
utilized ’

2-nd Stage:
Multiinput - multiowtput (MIMQ) systems
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SECOND STAGE

Finite Dimensional MIMO Systems

lesturbance

Reference
Input Control

Multidimensional Sliding Modes
(Late Sixtieth)

Two Dimensional Sliding
Mode




B Multi-dimensional Sliding Mode
+ In general case,
x= flx,0)+ Blx.th, xeR" .ueR"
{u,‘ () if s(x)=0
= 1=1...m
w (xr) f s(x)<0

* Sliding mode occurs in the
intersection of all m surfaces,
Sliding mode in discontinuity surfaces and their
intersection

5(x)=0 (i=L..,m)

+ The order of motion equation is
by “m” less than the order of

original system

Introduction of Sliding Mode Control

OHIO
| QOutline of Sliding Mode Methodology
& Order reduction of the system

[, > Enables a designer to simplify and decouple the design procedure

= Insensitivity with respect to parameter variations and disturbances
I:_?; Attained by finite control actions, unlike continuous high gain controls in conventional system




BASIC PROBLEMS OF SLIDING
MODE CONTROL —
* Differential €quations of SCiding Mode

* Conditiong for SCiding Mode to Exist

* Design Methods of SCiding Mode Control

- How to select sliding surfaces with the desired motions
- How to enforce sliding mode in their intersection

Differential E€quations of

Sliding Mode
Armature DC MOTOR
¢(t) = Kyig(t) Magnetic flux
R:l

Ton(t) = K16(1)ia(t) = K1 Kyig(t)ia(t) Torque

L, o, =—i R —K,m+u
dt i

790 KK i -,

b, .
) Inertia = J s p
@iclim =b dt

Load

— — i . Slidingmode, s =0, Ciy = —w 77?7
§ = Clat wu = —upsign(s) sliding mode equation 272



Postulates

152 00, f(x) = {’; ,'t_f 3{{? - 3 %= conv(f*,f") Filippov
1 <
S Conacw fud

2. u=ks k—ow ~ Tsypkin

x=Ax+ Bu, s=Cx, Comraiutmn equation — u: s=0Neimark

""I\ "”"l.\ :——:—-Ef(x, )

Yakubovich

5 ue U, vE conv(-!)’). x = convf(x,t,v) Aizerman, Pyatnitskii
THE QUESTION, WHICH IS CORRECT, IS NOT LEGITIMATE - ALL EQUATIONS ARE POSTULATED

Equivalent Control Vethod

Control system

Discontinuous control # enforces sliding mode in
manifold §=(S, ...
Then solution to

1s substituted to system equation

S(x)=0 ===> x:=So(X,)




Uniqueness Problem -
X, =0.3x, +ux,

X, =-0.7x, +4u’x ,

u = -sign(x s),

S=X,+X,.
#fe -
+f
ar 2 -a )/ |a
-y ] _’r
-
X1
| T
0
05 ”
X2
Ao
G 0.2 0.4 06 0.3 1 1.2 14

Mandelshtam, in 20's ‘ ‘ X



Regularization

Boundary Layer L
A o

Equivalent Conirol Method

Affine system

Discontinuous control 2{ enforces sliding mode in
manifold §=(Si,...,8» )=0.

Then solution to

1s substituted to system equation

S(x) =0 =— ,=50(X)

E.C.M. is substantiated by boundary layer regularization




Mathematical Aspects Il
Shding Mode Existence Conditions

Scalar Control-

Vector
Control

T e =[5, (3]

5 . .
G= {—} is m = n matrix
by

| Stability of the origin in subspace S

Motion Equation:

§ =Gf + GBu

- u' (r} if 5'(x)> 0 Component-wise
u(x) if s(x)<0

seR", ueR".



PIECE-VISE SMOOTH LY APUNOV

FUNCTIONS 1

Motion Equations:

8§ = —sign(s,) + 2sign(s,), () =0, s,(T") <0 2
§, = —2sign(s;) —sign(s,)
Lyapunov Function: ;

5:=0

5(I)>0. 5(I)=0

V = s sign(s), sT = (s,.5,), TS
s:’gn{s,)]

sign(s,)

sign(s) = (

Time Derivative:

ov., av .

[ e

as, 0s, Sliding Mode Exists in s=0.

PIECE-VISE SMOOTH LYAPUNOQV
FUNCTIONS 11

Motion Equations:

8§, = —2sign(s,)— sign(s,), T
§, =—2sign(s, )+ sign(s,)
Lyapunov Function: // 5=0
r T . T .':‘2 —3 oo
V =5 Psign(s). s =(5,,5,). e
Sliding mode

. [ sign(s,) (40
“gn(ﬂ_(sign(sz )} P= [[} ]]'

Time Derivative:
ar oV

Surfaces V= const

V = —8 +—38§, =7 —6sign(s;s,)<0.

Os, Os,



Sliding Mode Control Design

Sliding Mode Equation

- 1s of reduced order

- does not depend on control

- depends on the equation of switching surfaces.

Design 1s decoupled 1nto two mmdependent subproblems:
- design of the desired dynamics for a system of the (n-m)-th
order by a proper choice of a sliding manifold s=0;

- enforcing sliding motion in this manifold which is
equivalent to stability problem of the m-th order system.

Design, Regular Form

- psuedo control
- sliding manifold
- sliding mode equation

depends neither nor




D C Motor:

e
dt

LCﬁ =—iR—k @+ u,
dt -

Voltage is equal to I, or —U,.

1.
= K P (a)l‘{{ft’l't'll('t’ = (0) + Kv[ (wrcﬁ'r(-nm’ - w)
2.
§= l o= [K,n(wrr!e'rena = w) 2 K/ J (wl't’ﬁ‘l‘('ll('l' - )dt
3

" (—u, if s>0

‘e u, if s<0°

§=0/Lu+ f(@,i,T). u=-ugsign(s)
if u, > Lf(a), I TI ) then 88 < 0

sliding mode exists, § = 0 and condition 1.
holds.

DC-DC CONVERTERS

| L 1
. Y Y Y —
U I IR
0 +
E Ve e C R

Figure 1. Buck-type DC/DC converter.

. 1 | E 1, switch is closed
n=—x+u = . .
| L l L 0, switch is open
Ay = =X — —X3
2T T R 1 . ¥
u=(1—sign(s)) §=X— X

xp=landx, = V. E
5= —Isign(sj S



DC-DC CONVERTERS

I

o

™
I

__+
= K L §R

E Boost DC-DC converter.

1
h=—(l-u)-x2+—.
! AR A (1/2)(1 + sign(s)), s = x2—23 -

. Unstable zero dynamics
b =(l-w)=x1-=—=x0

C RCT

1 )
u= —(l-sign(s)) s=x;—x7
with vy =1 and v, = V.

)
- Stable zero dynamics

=
CVNAT T ERIN G
PROBLE M
B Causes of Chattering

1. Fast dynamics disregarded in an ideal model
(unmodeled dynamics)

B
2. Switching frequency limitation \
\ >
* Discrete time system (discretization chattering) R e k&
_______ < )
SA
0 A A AN o
vV VvV V V




Sliding Mode Control

Power Converter
P 1,(1) to be tracked.

I
XN~ s v u_ Errors = u, —u
. Fpef [ it Emers =y
Relay ! u =v
|

§S=ai,—-v

v

by
v = Msign(s) (M > ‘;}0) . ‘*_\ () = 1y (1)
t
T Sliding Mode

v = Msign, (s)

A Oulpul
Chattering (ripple) amplitude A= E
2 _ 32 Jnpul
Frequency [ = l M™ —(,)
M SIy=
Frequency Control
1 M -a’ _
f=—————— a=i,=const.
A 2M
1 M:-a® 4
/" : Desired Frequency =— (*)
f M LC)L.ltp:ru‘c
Input +_ e Qutput
+ - f— = |nput
K — A
I i A =2KM (**)
—a
(*), (**): ==
£ aM

Multiplication? No



hattering (Ripple) Problem

Power converter

1 L Vo
N . £~ : Switching Frequency
Ve Amplitude of oscillation should be reduced.

Multiphase converter

- Triangular wave with frequency f* (offset)
- Timer (delay) .
- Transformers

}I:Z} depends on frequency

- Filter
Chattering (Ripple) Problem -

Two phases (without phase shift) Two phases (with phase shift)
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Implementation o
Multiphase converter

uﬂ
m

PC 7

o L 1'}0 .
$, = k=, 5, =20 Msign (s,)

Uy
m

=  PCm

- Phase in each PC depends on initial condition

- Phases in PC’s are independent

max A4 =mA

chattering i chattering

Number of Phases I

m-phase converter

Any discontinuous signal v is a periodic function with the same frequency .
v, = i g, sin( okt + @) (Fourier Series)

The phase shift beti\:\;een each phase and preceding is equal to T/m, T = 2m/w

Then the k-th harmonic is the output signal (sum of the outputs).

me—1 m—

1
21 ir 2=k .
E sirn |:"-‘-"k(t — _'Tg:]] = E Im [e.rtwf—%*r]}
- WwTTe =
i=0 . i=0

m—

=Im(e/Z), Z= Z L
i=0
2wk

mk
ZeFm =z, e m =1 only if k=m,2m,..

Then Z=0 for all harmonics except for k=m, 2m, ... and they cancel.



OHIO

Design Principle (Two-phase PC)

SIALE

The relay function v, of the second phase
depends on the two errors

Wy

5, =55

§ = —Msign, (5) +a

$, = Msign, (s,)— Msign,(s;) = *2Mor0

3,
m:-n L a=10
; : =) N 2A
J | ; ) HEEE Period T="—
J \ 3: o .
Y ! -M 2 I
| A i 2 3 : Phase Shift ¢ ==~
LAY N 2 i dErT
h—a——ﬂ -
(a) )

Simulation of Phase Shift

Phase shift can be controlled if A, =aA, (a=0)

¥y

B
i
T
I
1

L&

wlao b o

L]

(a) ()
gas T
a=0 Phase shift M 4
)
T T R
[ | I ST
AW N S 1 B
E E's.l Rt .f..: | :LLL
; E - — !
R 2 @ =




4 ? RaTY
(a) oA T B}
Phase shift ¢= EYv =;

: 2

A=d M —a® Period T'= >
2M M —a

4M*

o

- m(M* -a*)

Simulation I

Two-phase Converter (V_, =4F)
Power converter P .
. ] i 45, 22 ——
Iﬁ. —] E l:_[kRﬂ: + Ll!.p\. — lifL} * 4 :;".;
V.L = é (zm: ?‘ﬁ- — %) = 3;: WU A Tk |."' Tl
! k=1 L E 3 ! [IATAN l.".#.‘*"l: Iy |'|'i}ll
(k=]:2:~'”:m) | )
Iﬂ 2 [ wiuu ] I3 [F] ‘H‘l e (L 1] r'fli [ F) e oy
Parameter | Set e
L (H) I I T
C (F) 1 1/ .
Ry () 1 i B
Ry () 1 1]/ fos
Vo(v) | 12 ‘-l.’ .
U:il

S fvmc Ters



Simulation I

4-phase Converter (V, =7.2F)

4-phase Converter (V, =4.81)

3 — »
s - 1 n —
' i a i f/ a
1/ g |
1) I i/ L
i A 2 i .

:-II jo i j
I.l a zll a
il b (18 -

F iw ow @ W e WM FE nm F i u WE nm RE nm

— [—
] ~, 7
q —h 1 \ : :: L
— —ta
’ : § ﬁl I"lﬁ'l\fll‘:' lﬁ? ;‘ _: § AVAVA A
| L i o AATAA A AdAAS
= o R o B
ARCEOUCRUE ! AN

' \'\' )

T R R T e wE ha nE T R R T TE W nE w7

et e ot et e ot

Simulation II

4-phase Converter (V,, =3I)

IKOR Power Converter

Parameter | Set /]
L(H) |5x10°7°
C (F) 1 x 1073
R, (C2) 3% 107
Ry () |1x107?
V. (V) 12

—— Pt Vil
—— s

THE 361 F6IF 763 7516 26 26 2
Tara it o’

FEE 70 76 20 16% 16 16N I8
T a1 o



MULTIPHASE
CONVERTER

Resuts of Experiments

The 4-phases power converter

The converter
parameter
values are
E=10V,

L =22 uH,

C =10 uF.

The mosfet
works at a
frequency
100 kHertz.



1 PHASE, 5V, R=2

20081014 15:14:57

A\ /
\i
'l':

i -~
/'

T 0T T T “Edge T E
1.08 Usdiv 5.00 Uiy Auto
D ZeMHz DC  28MHZ -1.55 U

4 PHASE, 5V, R =2

20081014 14:21:55 1 Normal
Stopped Y ZDOMS-S Skl

THZ 10071 - —ond 1071 Blge &
1.68 Uediv 1.08 Usdiv Auto
DG 20MHz D 2eHHz B2V



PHASE CURRENTS

2008,10/14 15:01:21

por  Normal
200MS/s

T ORZ 06T OB 100:1 T 10
0.200 Usiv 0.200 UVsdiv 0. Geslid v
() 200z DC oMMz D

PHASE CURRENTS
1 romorn

ir iy chattering
2.44 + 047 A +0.47 A

4 PHASES

ir i;,—chattering
2.48 +0.095 A +0.095 A

The current values of each phase are i, = 0.62 + 043 A, iy, = 0.6 +0.42
A, i, =0.63 +0.43 A and if, = 0.66 + 0.42 A.

Chattering reduction from 0.47 A to 0,095 A.



CONTROL OF INDUCTION

MOTORS

T
Y Y 83 \‘\ 55
va I ""\..,_\_h.
I H‘xt_\l el
r
vb — I:
e
7 —
.
Ve
\ o . ic
\ 54 \\ 56 \.Lsz
wm ] I |

Dynamic Model of Induction Motor

Mechanical equations

3Pzxy,, ,
T = T—H('@ﬁg&n - ﬁrxﬁﬁﬂ)
TR .
I 2
Rotor flux equations [; "] =3 {
I3 .
d¢a —_ $
T Nda = ndg + NTHIa
d
j;’? = —ndg + nea + NTHis
Stator current equations
din . 1
é = Gn¢a + Bnds — via + O_—xs‘ua
di,g _ . 1
e Bnos — Bnga — yig + a'zsug



Dynemic Mode! of industion Motor

w_u)
[ |
L s O é 1 X
et iy ‘.‘ 51 \ 83 \ 88
=P, ! L R Ea
T=3 ""(o,o. tads) " M
Ronor Sus cquations ™ 7
% = =P~ NPy TN, E’
wo |- A { |—"\"/‘f—‘:\‘_:l n
222 s b+ s o
Ec
Stanor cerrent esations « ™ AN
diy 1 A T
& = Omoa+ 00— e+ —ue s e "\s:k
%’ = Gnéy — Inde —ig 4 «—:—’-u {U_de) 1 |
Based on circuit analysis, the system equations are:
Li.+ Ri, + E.= HUs = v,
Lis + Ris + Ex = HiUs — v, (1)
Lic+ Ric+ E.= Hlls— v.
where H, H, H, {1}
v, is the voltage at the neutral point ;.
E..E. E. are voltage sources where [, + F, + F. = ()
From kirchoff's current law:i, + i, + i = 0
=L+h+i=0
L(fo+ fo4 L)+ Rl 4 i+ i)+ (Eo4 Ec+ E) = (Hi+ Hy + H)Us — 30,
w 0 =(H + H+ H)Us = 3v,
o= SE(H + 1+ 1Y) @
V Vac H+H +H
- [ T T, ]

)

ir:n- = Kﬂ +;%(2H1_H3 _Hs]'

. v
ib=K5+ﬁ{2H3—Hl ~H,) Vo —

»

H =+, i=135

: v,
L =K + S5 (2H,~H,~ H,)

-Vpr —

_(RJ'rL.hla - EGJIrL
—(R/LYiy — Ey/L
—(R{L)i. - E./L



Torque and Flux Control ©
(cont.)
— Calculate

Uy

V=fi+ 37

{ {’)IHH + Hg.‘n‘_'_.; + {'}3.&']')

Spsr = 1
where  f3  does not depend on control  and

F}l — —I'.',-j's'l' + #SL‘
1/ t‘ﬁ + Ig
1 V3
1 V3 ) —EL-'.. + ?Lﬂa
(‘)2 = fEL'f + ‘._)f-'n,]'b'!' + —'S'{'
& A/ f_':‘: + L:;
~ l V3
1 /3 I
(_:}ii = I:EL; — \TL'(,)-S‘]' + 45[.
t'f: + f%

Torque and Flux Control ©

(cont.)
— Select control logic such that Vv <0
. Uge
Vo= fg - i { [-JI‘L"H -+ HEH_«_{ — {')3.‘{]')
sg = —sign(O)
Control .
Lc?g;c s¢ = —sign(Os;)
sp = —sign(Bs)
s lare
1‘ =— EL‘) 1‘? I — ]"*
. = V' tendstozero =
V<0

Se=0 = [lo] — v



D C Motor:

Ji;=kﬁ—n,

LCE =—IiR—k,®+u,
dt -

Voltage is equal to I, or —U,.

I-‘

_.a))

~

= K, (o -w)+ K. [(0

reference reference

—w)dt

o

= l - [K p(wre{frrencc = w) + Ki I (wrefsremr

—uy if §>0

u, if s<0°
s=0/Lu+|f(@,i,T,). u=-ugsign(s)
if u, > Af(w, i,T,) then ss < 0

sliding mode exists, S = 0 and condition 1.
holds.

|«

u=

 DC/AC CONVERTER

]np_ul. . - Outpu  Genzge/
+ = |t
i

Three phase bridge

to control

Jwae phase cuwwent nefenence input
How to utilize

@n.eea:txadeg,weaﬁ&eedam?



DC/AC CONVERTER rcont)

flccuracy depends on the width of hystereris loop
High accuracy leadr to high srwitching
frequency and high heat losres.
Problem rtatement :

To viilize entra degree of freedom to
minimize rwitching frequency for pre-
relected width of hyrteresir loop

Sq =liq—1iq

5b=il.>_ib ,—3,;

. -
S3 = f (vp — Un)d v Deisi Three switching
et 4 surfaces
v}, - reference input for the
neutral point voltage

Lyapunov Approach

» Select control logic based on Lyapunov
function such that sliding mode is
enforced

. Sa = it —i,
« Advantage: simple c
S, = dp—1
, 14
V= 5-"1 8 83 = _,r{t’:'r — vy )dT
= Yde : . T e
vy = 3 (Hy + H3 + Hs) Vo= 51':;: fl o ;E[nHL‘}‘jH‘]‘f’"}ng]
H, = sign(a)
a = (2s, — sy + s3L Control el
. ‘ b+ 53 .] Logic H; = sign(3)
3= (28, — 8, + s3L) Hs = sign(v)

v =(—sq — sy +53L)



i

13

Cascade Sliding Mode Control

- (U gel
* Ildea: Utilize extra L 1 l
degree of freedom gy e e
+ Sliding surface design + L R fa
" — WL*.,ﬂ.,ﬂ,,_@—
Sa = 5 —iq ) .
L " L
83 = JP ('l.-n - I-‘;;}tf?' w - ]—F.,ﬂ.,-\,—@_
: ; [

_ Vac IEERE AT
== (S; + 83+ 5¢5) s T T }

S135=Hi3s

SMPWM Simulation Results

* Current tracking and va tracking

1]

.1

-mI] nm ElE[I l]IICi 0 I]Eﬁ ﬂl!i Elﬂ?' I]Ill om0y

E 1 1 5 1 1 I I 1 1 1 I I
BJU um om um oM 00s g[ﬁ 0y 008 U[El [kl 0 0 002 003 004 005 008 OOF 008 008 O
time (sec) time [sec)

=



Experimental Setup

P
Signal

Current
@ e Measurements

[ale Full Bridge
Voltage Convertar Load

Controller: TMS320F2812 DSP
Switching devices: 2MBI100NC-12 IGBT
3 phase RL load

50 V DC supply

esvila_read

(Sesele)

nr a O
-_red A& en_real

(O Susrate)

T Tame  tBen/diw
The first waveforms show the current tracking, the second ones show
tracking a sinusoidal function by the avera?e value of Vn (after
filtering out a high frequency component of discontinuous function ).



Vn Control

Objective: optimality
by changing vn
« Example: switching

frequency reduction
fmn‘[j“i:) = 2 gll:'jfgng E
[ urface [P
() + = H
. -A i
tuﬂ:“‘nJ = 7 - E
”f.'.li(rn} - H2i 1” i‘ P;-‘ >
1 t f
f.-.-witch(l"n) - on aff

tCI n + toﬂ

MINIMIZATION OF FREQUENCY

(HEAT LOSES)
‘fz,Heathrss
::'1=l —lK,‘+LI\
3 3 7 3L
£
l.. 1_ .
. =§I".’_ —gKt +Ep_\- P"H
b o
———{f +1, :}+§{Kﬂ+K }+
£ o
3L v, ‘_ . e dfc _ 1 yt

El
fmn’rl‘f&g (I’y_\-' ) = Z fsvra.’dmlg_ i { Ift\' } fp.-[rdlmg ([ft\") = min !f I’T\' =max
=1

. V. . . Vac
Si=qesign() g Ve Tg =0 > 1g+Val



without minimizing the swilching frequency

1 I 1 1 I 1 1 I 1
0 0.05 0.1 0.15 0.2 0.25 03 0.35 0.4 0.45 05
Time{sec)

with minimizing the switching frequency
T

l T T ] T
05
0
05
-1
0 0.05 0.1 0.15 0.2 0.25 03 0.35 04 0.45 05
Time{sec)
» Three-Phase, AC/DC Power Converter
+
C - LI P
" — 1
[
1 1
djab r = 3 ? ?
L =e. + u.l'S 1 —2 1
dt ab T Te 3 3 3
du, U o . . . 5 iv ol



SLIDING MODE CURRENT TRACKING CONTROL

K is constant ° Power factor is equal to 1

i =K=xe
abref ab - No high order harmonics

Oap = L(iabrel = iab)
V= iag‘baab
V=04 F()— ula,p.y)$

where,
~2 1 1 -2 Y 1 -2
a=(Fout39)8= (50 +5a)r=(30+7 %)

If u"/ 1, 1s large enough, F(.) can Be suppressed with cont
given by: /

S; = sign (a)
S =4S, =sign(p)
Sc = sign(y)

OUTPUT VOLTAGE CONTROL

dogp - Ldiabref _

eap — Uc([S)eq =0

dt — ~ dt
diabre[ 1
(FS)eqﬂ= (L dat eab)u_c
du, Up'. oo w0 ; duc - Ue 3 2 1
W——Ei-(la,lb,—la—lb)s C T RL+2KE° U,
3 2
Equilibrium point Ucss = EK Eq°Ry is asymptotically stable
2
2 Upye



Output Vaoltage (V)
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UNKNOWN PARAMETERS
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DESIGN OF & CONTINUOUS SIGNAL GENERATOR BASED ON SLIDING

MODE CONTROL OF THREE-PHASE AC-DC POWER CONVERTERS
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vdc,‘ref=f(t)= lap = K(tj‘éab: K(t)=???

K(t) should satisfy differential equation

o (Lowac 1 )L__ dK L 4 _
(2C ac T, Ve 3KEE Ly 1 Rk,

o _ -
e GetB4 L f(t))mz— ~1,% +1-R,K OBSERVER

@4_ Av
* GOE R

Ry,

3KE'D [}J 1'_‘[1.’ = f(t) - vdc

e Av -0,
- f(t) = Vdcref
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SIMULATION 1

f-1(£) = 250(sin(15¢) + 1)

SIMULATION II
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* Problem statement

Control system: x = f(x,u), x € R™,
u € R™, Feedback u = u(x,t).
Three — phase source is available only.

Conventional approach —
a rectifier + DC/DC converter.

Problem: to get rid of a rectifier +
DC/DC converter and have u(x,t) as
an output of three-phase converter



