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Comparison of two methods for determination
of instantaneous state of dynamical system
with LCLC circuit

Branislav Dobruck

and final properties of devices.

Abstract— The paper deals with chosen analytical and numerical
methods which make possible to estimate instantaneous state of Il. THEORETICAL ASPECTS OF USED METHODS
dynamical system in any time instant. Analytical model of the G 0 wtical and/ ical soluti
LCTLC filer uses Laplace-Carson transformation with comple enerally, we can use anaytlcall anajor numericaf so ution
operator p. The method described in the paper using transizﬂf the analysing and investigating of dynamical system.
component separation makes it possible to use steady state- &ghsequently, we have to create either continuous or discrete
transient components to generate of total time waveforms of chogéynamical model of the system. The first one is well known in
output state variables or other quantities. The steady state comportbet state-space form [1],[5]
is created using response of AC input voltage during the first one
half-period. Worked-out simulation experiment results are compared dx(t)
to common numerical solution done in Matlab/Simulink environment dt
using discrete type of dynamical model of the filter system which js

modelled and analyzed by second method for determination \gllherex(t) is vector of state variables(t) exciting vectorA

instantaneous state of discrete dynamical system Theoretical analyRRJB are system matrices. Vector of output quantities is
computer simulation, and experimental verification are given in tfeXpressed as

papef. y() = C.x(t) + D.u(t) (1a)
Keywords—Circuit analysis, modelling and simulation, Laplace-By numerical integration of (1) we obtain discrete form of

Carson transform, state-space equation, non-harmonic supply, lindgnamical model
discrete control

=A.x(t) + B.u(t) @Y

X1 = Faxyp + Gy, 2

. INTRODUCTION More detailed description of discrete model is giveB.in
CONCEPTIONSOf resonant converters greatly expanded intdubchapter later.

the various spheres of industry and consumer p  analytical method using steady-state and transient
applications. Generally known switched mode power SUpp“%mponents under non-harmonic supply
as well as for power converters, to target the highest switchingUsing method of operator calculus Laplace or Laplace-
frequency together with the highest efficiency that is pOSSib|¢'arson £-€), respectively, transform [6],[7]
If will be increased both phenomes together, simultaneously ' ’ '
the power density increases. In order to reach the satisfactory UlT/Z(p)
electrical parameters and behaviour of converter, it is Ui(p) = 13 e02 (3)
necessary to utilize new concepts of its main circuit [1]. In . S
every industrial and consumer application became ener here operator voltage during one half-period is in Laplace-
efficiency, power density and harmonic current emissions zarson
main qualitative indicators of power semiconductor
converters. LCTLC resonant converter belongs betweel

generally known topologies used in various appllcatlon%.s.ng Laplace transform.

Basically, the mul_tl-element tOpOIOQ'?S are based on serial RE nerally, the current response on such a voltage consists of
parallel connection of accumulation components. The

o ; . gteady state and transient components [8]
combinations along with high frequency transformer creates
varies topologies with individual specific properties [2]. (1 —ePB)A(p)

Analysing of resonant systems may help to improve the design Fp) = 1+ e7PT/2 B(p)

The response of any state variable during one half-period of

The paper was supported from R&D operational program Centre Bi@ansient phenomenon can be obtain and evaluated just by
excellence of power electronics systems and materials for their componentitdmts of polynomial of denominat®(p); andT, = T/2
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A(p)
FT/2 =U(1 - ePT/2 6
@ =U( )50 ®)
Transient component during one half-period
1—e"2) A(p)
R =o' ) )

1+ e PT/2 B(p)

Steady state component during one half-period can be simplg; = Fa'xo + FA°Gpuy = Gruy

obtain by their subtracting
(») =F"*(p) - (® (8

Now, after inverse L-C transformation the steady state
component for one half-period

© = fT2(t) -

FI/2

T/2
steady F

trans

T/2
fsteady

T/2
ftrans (t)

(€C)]
And

T/Z
rans

F(O) = frrans(®) £ [FT/2() — ®] Qo)

Such methodology makes it possible to separate both
components similarly as in the DC linear circuit [5],[8].

B. Method for determination of instantaneous state of
discrete dynamical system

As mentioned above the numerical integration using, Euler-,
Runge-Kutta-, Taylor expansion methods of (1) are giving

[31.[51.[9]

X1 = Faxy + Gpuy

(11)
wherex (k) is vector of state variables in discrete foufik)
exciting vectork is order of calculationf andG are system
matrices discretized by integration step

Determination of,, G, matrices is possible to provide by
using of:

analytical method (suitable for low order system);
numerical methods depending on their type:
Euler direct explicit methodh(= A):

x(h) = (1 + h.A)x, + (h.B)u,

Euler indirect implicit method:
x(h) =inv(1 — h.A)x, + inv(1 — h. A)h.B.u,
- Fp =inv(1 —h.A),G, = inv(1 — h.A)h.B.

Taylor expansion:
h

x(h) = eAM + f eA-DB ydt ...

=i(A.h)’ (A. h)‘

AT
- (A, (A.h)!

HFA‘Z hZ(l-I-l)'

i=0
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Z-transformation method;

method of experiment when state variabtés) and
F,, G, can be obtain at discrete times h.

Then, by gradual sovereign and generalization /mathematical

induction/ we get [xx], [xx]:

(12a)
— 2 1 0

Xy = FA Xo +FA GAuO +FA GAul

X3 = FA3x0 + FAZGAMO + FAlGAul + FAOGAMZ

Xg = FAkxO + FAk_laAuo + FAk_ZGAul
+ + FAk_(k_l)GAuk_l + FAk_kGAuk (12b)

Thus
0

x, = (Fp)*x0 + G, Z Fa' {w_a1y}
1551

(13)
[Il.  MODELING AND SIMULATION OF LCLC FILTER CIRCUIT
Using A method of steady-state and transient components

Considering, the basic scheme of LCTLC inveRig. 1and
equivalent scheme of LCLC filter circuRjg. 2[12].

51 'YYL‘lY'\_l(%l I-Load
T
il !
Un S, Ld ==¢, Ricad

Fig. 1 Basic schematic of LCTLC inverter

Ru Lu

Lioag
e
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{ i :R Lr
Lo H:
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Fig. 2 Equivalent scheme of LCTLC inverter with HF transformer

Underresistive-inductivéoad the impedance of series and
parallel part of the LCTLC filter is defined by the following
equations

2
UoutN

|ZN| = \/Rsloadz + (stlaad)z =

)

PoutN

(14a)

1
Zy(@) =Ry +j (0l - —)
1

123 + 3120l (fret =

|ZN| frel) B
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1
7o)

= |Zyl [rl +jqn (frel - i)]

= rinlZyl +ilZylan. <frel -

where

1 1 1
Cl CCl CWT
andR;is resistance of series part of the filter, and its relative

Ry . . . . .
valuer;y = Znl R;, - resistance of series filter coR;; -

resistance of primary winding of the transforniy; -
resistance of series filter capacitby; — inductance of series
filter coil; L,; — leakage inductance of the transforntgy; -
capacitance of series capacit@y;; - capacitance of between

windings of the transformef.,; = wi - is relative

Ry =Rp1 + Rip + Rey; Ly = Ly + Lors

frequencyZy — nominal impedance.
Similarly for nominal admittance for paralledsistive-
inductiveload

>2

N “pload

1

wLplaad

PoutN

UgutN
1Z2(w)]

and similarly for I

V,(w)=—++ +]<wC ——)
2 R2 Rload 2
1 1 _ 1
= SRl LI+ e (fro = ) =
r frel
1 1
=4 2) +iawe ()] 1)
rZ frel
where
1_ 1. 1.1 e 111
R, Ree Ry Re' 27 7 " Ly Ly Ly

R,is resistance of paralel part of the filter, and its relative
valuer,y = P Rg, — resistance of transformer

21N
ferromagneticR,, — resistance of parallel filter coR, -

resistance of parallel filter capacit@y;, - capacitance of
parallel capacitor¢y; - capacitance of between turns of the

windings of the transformer are— = — relative
TloadN

RioadlY Nl
value of load conductance.

At the beginning will be defined simple resistive load. So, for
pure resistive R-load, by application of Kirchhoff laws we get

. disy (1) )
ug(£) = Ryips(t) — Ly ————uc; () —ug, (1) =0 (15a)
d t 1 1
i11(8) =i (t) — G u(cjzt( ) - R, —Ucy(t) — lucz ® =
-0 (15b)
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1
I1(p) — Ucz(p) [( ) + pT + pCz] (16b)
Sincelca (p) = Uy (p) and[R; + ply + -] = Z:(p),
[(Riz + Ril) + i + pCZ] = Y,(p) it can be written
1
Uy(p) = U1(P)m =U;(pF@) @17)

where———— is the operator transfer function of the
1+Z1(p)Y2(p)

system.
Introducing
R
Li=L,=L; C, =C, =C;1/Lc=wr2; r="1 w L9
R
= 2/1/wrC2 = wRyCy;z = 1/R,

as designed by [13] (p.u.) values, then

U,(p) =
— U, () w?p? ...
Yt +[r + (g + 2w + B+7(g + 2)]wip? +
Fr+ (g +2)]wip + wf
Op?
=U =
1(P) ap* + Bp3 +yp? + Spt + ep°
A(p)
= U(1—ePT/2 18
( o) (18)
where
a=w) B=[r+(@+2]w;y=[B+rg+2)]w} =
[r+ (g +2)]wd; e = 0wk 0 = w?.
Thus
HPZ _ U,(p) (19)
ap* + pp* +yp? + 6p* +ep® U, (p)

is the voltage transfer function in Laplace operator form.
Supposing complex conjugated roots of denominator
polynomial in form (letw, = 1)

P12 = (ratw.i) and p;, = (—xtw.i) (20)

Forr = g = 0.05; z =1 >> control vector ¢ =
[1; 1.1; 3.0525; 1.1; 1] (real elements, nominal load) the
roots are

P12 = (—0.3887 £1.5027i) and
P34 = (—0.1613 + 0.6238i)
Forr=g=0;z=0>»

> control vector ¢ = [1; 0.0; 3.00; 0.0; 1] (ideal elements,
zero load) the roots are

p12 = (0.0000 + 1.6180i) and

(20a)

Then, operator calculus expression using L-C transformation

P34 = (—0.0000 + 0.6180i) (20b)
under zero initial condition

Based on the transfer function (obtained from operator form
eq.(19) the bode diagram in Matlab environment has been

1
Ui(p) — 1,:(p) |Ry + pLy + E —Ux(p) =0 (16a) created, Fig. 3.
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jagram
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[
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o
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Fig. 3 Bode diagram of LCLC resonant filter

It is important thatv, , andw; 4 are frequencies when input
impedance features zero values, and voltage transfer by
infinite values.

The inverse Laplace transform can be worked out [1],[8]

A(pi)

Drt
B0 1)

N
Ug—1/2(t) = Z uy ()

sinceA(O)/B(O) =0.

N
1—e P2 A(py)
Uprans(8) = Z U ePkt (22)

1+ e PkT/2p B"(py)
Then

usteady(t) = Uo-T/2 (t) — Ugrans(t). (23)
Regarding the complex conjugated roots the members of

A .
(,Lk) will give | Ry [e/Pk 24)
piB (i)
and, similarly
1 — e PkT/2 .
m will give |Tk|e”k (25)
So
A .
& = |R,|e/P1,
p1B'(p1)
A .
2B (03 B('P}Zp)) = |R,|e’Pz, etc. (26)
2 2
It is possible to show
|R1|ejple(_a+j-b)w‘r + |R2|ejpze(—a—j.b)wr —
= 2|R,|e"**tcos(p; + bw,t) 27
and
jpz a(—x+jy)wr jpap(—x—jy)wr —
|R;|e/P3e + |R,|e’Pe
= 2|R;3|e***cos(p; + yw,t) (28)
Similarly
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_naT
1—e 2 "
— 7 = |T1|el 1,
1+e 2
1 — e P2T/2 )
j— T
m = |T2|e1 2, etc. (29)
And also
|T,|e/T1e(-atibdor 4 |T,|eize(-a=]D)or —
= 2|T;|e”*®tcos(t;, + bw,t) (30)
|T5|e/Tse(xHiVor 4 |T, |eftae X HiVIOr =
= 2|T;le™*“*cos(5 + yw,t) 31
Then, for output voltage
ud?(t) = 2U{|R,|e %t cos(p; + bw,t)
+ |R3|e*“*cos(p; + yw,t)} (32)
utrans(t) = 2U{|R1||T1|e_awtCOS(T1 + P1 + bwrt)
+ |Rs||Tsle ™ cos(ts + ps
+ bw,t)} (33)
Steady state component for one half-period
Ugtonay () = 113" (€) = g/ (©) 34
And
Uy (£) = Uprans () £ [132(0) {2 (O] (39)

Results of simulation are shown in Fig. 4a,b.

2,
15
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I

Voltage[p.u.]
°
i

2

S
@

AN

Voltage [p.u.]

b)
Fig. 4 Time waveforms of the model for real parameters,g~200
%( nominal value) and b) ideal parasite-less witZ0 %
Important, when ideal elements, zero loadri.e.g = 0; z =
0 >> c=[1; 0.0; 3.00; 0.0; 1] thene™?®t = 0; e™*»t = (

thusu,.qns (t) Will never be zero.
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Using B method for determination of instantaneous state of
discrete dynamical system

For calculation, = (Fp)*xo + Gy 20—y Fa' {41y} at
any time instant = k. A we need, at first, to kno¥,, G, and
X, U

Then continuous dynamic state space model yields the for
following system equations [19]

di () _ Ry 1 !
rTa _L_llLl(t) - L_luc1(t) - L_luCZ(t)
1
+—u(t) (362)
Ly
di,(t) 1
dt = Eucz (t) (36b)
duc, (1) 1.
@ C_llLl(t) (360)
duc,(t) 1. 1.
a g m0mg O
( L, 1) L 26d

Thus for parameters designed by [13]
L1 :LZ = L:0.1,C1 = CZ =C :5X10_3,Rl = 1,7’ER1
1
=0.01,g =— =0.01
) R,
and elements oA andB matrices:

r 1
a11 = _Z = _0.1, a12 = 0, a13 = _Z = _10, a14 =

U1 = Ay = dp3 = 050y, = z: 10;

1
as; = E = 200, A3y = Q33 = Q34 = 0,
1 1 1\ 1 1
%) =C_1ia42 = _C_zia43 =0; as = _(9 +R_I>E= “rC
=-202;
1
b11 =Z= 10; b12 +b44 =0.
TheF, andG, will be

anduy, = [uy; 0; 0; 017 whereu, = V2Up,sin [fix (4§k)§+
%], E is unit matrix and\= 1074
Then

1.0000 0 0.0010 0.0010
P 0 1.0000 0 —0.0010
47 1-0.0200 0 1.0000 0

—0.0200 0.0200 0 1.0201

0.0010 0 0 0

0 0 0 0

G=] o 0 0 of
0 0 0 0

If kK goes from 0O to 2 16@(T) the result will be as in Fig. 5.
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Fig. 5 Time waveforms of the discrete dynamic state space model

By comparison of voltage waveforms in Fig. 5 and Fig. 4a we
can conclude that are in very good agreement.

Finally, there is shown the experimental verification at steady
state.

Tek Stop §

i
u

3[(_) S0mA Q% @ 20.C \ ][goous

SO00MS/s / ]
0.

10k points 10.8V

Fig. 6 Experimental time waveforms of the output quantities(current
- blue, voltage — red) at steady state under nominal loading

By comparison of voltage waveform to those in Fig. 5 and Fig.
4a at steady state we can conclude again that is in good
agreement.

IV. CONCLUSION

The method of steady-state and transient components (A),
and method of determination of instantaneous state of discrete
dynamical system (B) have been introduced. Both methods
make possible to calculate the system response to input non-
harmonic voltage signal at any continuous or discrete time
instant ¢, or k.A, respectively) regardless if input voltage is
continuous or discrete impulse one. Comparison of simulation
results of both methods is possible from Fig. 4a and Fig. 5 —
the results are practically identical. Main difference between
methods can be seen in used approaches. Since the method A
deals with evaluation of the roots of denominator of transfer
voltage function, the method (B) works directly - without the
evaluation. If we need to know the poles due to behaviour of
the discrete impulse system, so the inverse Z-transform using
residua lemma should be used [10], [14]. The mentioned in the
paper methods make it possible to solve any dynamical state
of the system such as step changes of the load (switch on/off),
step changes of the switching frequency (+/-), short circuiting
of the filter circuit, etc. Analyzing of resonant filter system
may help to improve the design and final properties of
devices.
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