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Abstract

Zeta converter is a fourth order dc-dc converteattltan increases (step-up) or decreases (step-ddia)input voltage. By
considering dynamic model of the converter, theuesxy of the converter's modeling and simulatior &mcreased thus make it
easier to produce the hardware version of the capveState-space approach is a time-domain metbodnodeling, analyzing, and
designing a wide range of systems which can beridesc by differential equations or difference edaas. This gives great
advantages because it particularly suited for digitomputer implementation for their time-domairpagach and vector-matrix
description. The converter needs feedback contralegulate its output voltage. This paper preseahts dynamic model of zeta
converter. The converter is modeled using states@ereraging (SSA) technique. Full-state feedbacikraller is implemented on
the converter to regulate the output voltage. Timeukation results are presented to verify the aeoyr of the modeling and the
steady-state performance subjected to input and thsturbances.

Index Terms. Modeling, Zeta converter, SSA technique, Fullestaedback controller

*k*k

1. INTRODUCTION

Nowadays, dc-dc converter is widely used as a poupply
in electronic system. In the battery-operated fxetaevices,
when not connected to the AC mains, the batteryiges an
input voltage to the converter, which then convériato the
output voltage suitable for use by the electromiadl The
battery voltage can vary over a wide range, dependn a
charge level. At the low charge level, it may ditmgow the
load voltage. Hence, to continue supplying the taorisload
voltage over the entire battery voltage range, dbeverter
must be able to work in both buck and boost modles.dc-dc
converters that meet this operational requiremeet baick-
boost, Cuk, sepic, and zeta converters. For thpepazeta
converter is selected because it has given the &temntion.
Zeta converter is fourth order dc-dc converters tzen step-
up or step-down the input voltage. The converten&le up
of two inductors and two capacitors. Modeling plags
important role to provide an inside view of the eerer’'s
behavior. Besides that, it provides information tloe design
of the compensator. The most common modeling metbiod
the converter is state-space averaging techniq@&A)(Sit
provides a systematic way to model the convertachvis a
matrix-based technique. This state-space appraaehtime-
domain model where the system is described byreifitéal or
difference equation. It allows greatly simplifiecathematical

representation of the systems which is vector-matri

differential equation. This poses great advantageabse it

particularly suited for digital computer implemetibva due to
their time-domain approach and vector matrix desiom.

Open-loop system has some disadvantages whereuthato
cannot be compensated or controlled if there igatian or
disturbance at the input. For the case of zeta een the
changes in the input voltage and/or the load cunh cause
the converter's output voltage to deviate from dmkivalue.
This is a disadvantage because when the converigsed as
power supply in electronic system, problem could be
happened in such that it could harm other senséigetronic
parts that consume the power supply. To overconig th
problem, a closed-loop system is required. Thetexie of
this feedback loop along with the controller woeltdable the
control and regulation of the output voltage to thesirable
value.

Full-state feedback controller is one of the conga¢or used
in closed-loop system. Compared to other compensatch
as PID, full-state feedback controller is time-damapproach
which makes the controller design is less comgidathan
PID approach which is based on frequency-domaimcaub.
This is due to the modeling process is based ae-stmce
matrices technique.
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2. OVERVIEW OF SSA TECHNIQUE 0= AX +BU

i i i X =-A"BU ©)
State-space averaging (SSA) is a well-known methsell in
quel[ng switching conyerters [1}. For a systemhvétsingle While Equation (2) can be written as:
switching component with a nominal duty cycle, adelomay
be developed by determining the state and measateme . )
equations for each of the two switch states, thaoutating a Vo =-CA"BU+EU
weighted average of the two sets of equations usiey
nominal values of the time spent in each statdaswveights. The matrices are weighted averages as:
To develop the state space averaged model, thei@usidor A=AD+A,(1-D)
the rate of inductor current change along with ¢lg@ations B=BD+ 32(1— D) (8)
for the rate of capacitor voltage change that asslu c=cD +C2(1— D)

A state variable description of a system is writharfollow: . . R
P Y s For the small signal analysis, the derivatives ed steady-

state component are zero:

X' = Ax + Bu )

Vo =Cx+ Eu X=X +X'=0+% =X
WhereA is n x nmatrix, B is n x mmatrix, C is m x nmatrix Substituting steady-state and small signal quastitin
andE is m x mmatrix. Take note that capital lettéris used Equation (5) into Equation (3), the equation camviéten as:
instead of commonly used capital letizr This is becausP
is reserved to represent duty cycle ratio (commardgd in % =|a(D+d)+AlL-(D+d)x +%)+[8.(0+d)+ 8,0~ (D +d)Ju +a)

power electronics).

. ) If the products of small signal termid can be neglected, the
For a system that has a two switch topologies, dtete equation can be written as:
eqguations can be describe as [2]:

Swiitch closed X' =[AD+A,(L- D)) +[B,D+B,(1- D)l +[(A - A)X +(B, - B,)u]d

X = Ax+Bu or in simplified form,
Vo =Cx+ Eu
Switch open X'= AX+BI+[(A -A,)X+(B,-B,)Uld  (9)
X = Ax+Bu
vV, =C,x+ Eu Similarly, the output from Equation (4) can be it as:
For switch closed for the timdT and open for (H)T, the %, =[cd+C,(1- d)x +[Ed + E,(1-dJi +[(C, -C,)X +(E, ~E,)U]d

weighted average of the equations are:
or in simplified form,

X =[Ad+A,(1-d)x+[Bd +B,(1-d)ju (3)

Vv, =[Cd+C,a-d)x+[Ed+E,1-du (@ b, =+HE+(C-C)x+(E-Eld  (10)

3. MODELING OF ZETA CONVERTER BY SSA
By assuming that the variables are changed aroteaty

state operating point (linear signal), the variabtean now be TECHNIQUE

written as: The schematic of zeta converter is presented in-Eigrhe

x=X+X converter presented here is a dynamic model wheeg t
d=D+d consist of Equivalent Series Resistance (ESR) ath bo
U=U +0 (%) capacitors and DC Resistance (DCR) at both indsctor
Vo=V 47 Basically the converter are operated in two-stafaé:state (Q
o~ "o Yo turns on) and OFF-state (Q turns off). When Q ity on
e (ON-state), the diode is off. This is shown as perocircuit
WhereX, D, andU represent steady-state values, &nd and (for diode) and short circuit (for Q) in Fig -2. Bug this state,
i represent small signal values. inductor L1 and L2 are in charging phase. Thesenrtieat the
) o ) inductor current iL1 and iL2 increase linearly. Wh® is
During steady-state, the derivatives)(and the small signal turning off (OFF-state), the diode is on. Oppositerevious

values are zeros. Equation (1) can now be written a

Volume: 02 Issue: 08 | Aug-2013, Available @ http://www.ijret.org 35



IJRET: International Journal of Research in Engineering and Technology

el SSN: 2319-1163 | pl SSN: 2321-7308

ON-state, the equivalent circuit shows that theddiés short
circuit and Q is open circuit as presented in BgAt this
state, inductor L1 and L2 are in discharge phaserdgy in L1
and L2 are discharged to capacitor C1 and output, pa
respectively. As a result, inductor current iL1 ah@ is
decreasing linearly.

To ensure the inductor current iL1 and iL2 increased
decreases linearly on respective state, the carvernust
operate in Continuous Conduction Mode (CCM). CCMange
the current flows in inductors remains positive fbe entire
ON-and-OFF states. Fig -4 shows the waveform of @nt
iL2 in CCM mode. To achieve this, the inductor Lidal 2
must be selected appropriately. According to [Bg formula
for selection the inductor values for dynamic modeta
converter are as follow:
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Fig-1: Dynamic model of zeta converter
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Fig-2: Equivalent zeta converter circuit when Q turns on
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Fig-3: Equivalent zeta converter circuit when Q turns off
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Fig-4: iL1 (left) and iL2 (right) waveform in CCM [3]

3.1 State-Space Description of Zeta Converter

ON-state (Q turns on)
Voltage across inductor L1 can be written as:

di .
\ leilil =Tl Vs
Or

+= (11)

Voltage across inductor L2 can be written as:

di R . R R .
v, =L, stZ = _[rLZ Flot - RJILZ *Ver _ﬁvcz Vs rczz Iz
Or
diLZ:_i ir 4+ R ) +i _ R +i + R .
dt L2 (rLz rC1 rCZ + R IL2 LZ VC1 LZ(rCZ + R)VCZ L2 VS LZ(rCZ + R)IZ (12)
Current flows in capacitor C1 can be written as:
. dv, _ .
iq=C—2=+
C1 Cl dI L2
dv, 1.
— == (13)
Current flows in capacitor C2 can be written as:
. dv,_ R . 1 R .
ic; =C, dt - +R|L2_ +vaz_ +RIZ
rCZ rCZ rCZ
Or
dy, R . 1 R .
c2 — - - (14)

dt G, +R)'? Cylle, +R) @ G, +R)

Output voltage can be written as:

Ry R, &R,

V. =
(0] I’CZ+RL2 rC2+R Cc2 rCZ+RZ

(15)

Equation (11) to (14) are combined and rewrittenmatrix
form as:
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T 1

d"jt - R) 1 R ! L °

Iy 0 —=|r,+r, €2 N 1 R

dt |— [ e l2tR) L, Lz(rcz + R) I T <2 Vs

= L Ly, +R) |-

dv,, 1 Vey 2 2\lc2 i,
— 0 - 0 0 0 0

dt C, Ve, R
ey 0 R 0 -t 0 _Cz(rcz + R)

dt C,(re, *R) C,(re2 +R)

Equation (15) which is the output equation can Iviten in
matrix form as:

velo kR g R e g kR s
° rC2+R rC2+R VC]. rC2+R iZ

The state-space matrices of zeta converter for taté-sare
therefore:

Y 0 0 0
L

1

1 r,R 1 R
0 " T tla t T
A1 = L2 oo + R L2 Lz(rcz + R)
0

0 - 0
Cl
R 1
0 0 -
L C (rCZ + R) C (rCZ + R),
1 . _
I‘l
1 re,R
B, = L, Lz(rcz + R)
0 0
0 - R
L CZ(rCZ + R)_
C - { o TR R }
' re, +R re, +R

E=|0 —fef
e, +R

OFF-state (Q turns off)
Voltage across inductor L1 can be written as:

di .
Vi, = LiTlil = _(r01 +I’|_1)I 11~ Ve
Or
di 1 . 1
dilil = _E (r01 + Ile)' L Evm (16)

Voltage across inductor L2 can be written as:

Ve =L d, = Tet kR P R Vea t R iz
dt r,+R reo +R e, +R
Or

oliLz__l[IrL2+ IR J R L R

dt Lj re,+R

e R L R

Current through capacitor C1 can be written as:

Or

== (18)

Current through capacitor C2 can be written as:

.o_~dv,_ R . R .
lex = Cz - I2 ~ Iz
d r,+R re, +R
Or
Ne, - R i~ ! Vea = R i, (19)
dt G, (rcz + R) Cz(rcz + R) C, (rcz + R)

Output voltage can be written as:

_ IR R re.R .
Vg = i, + Ve, — i 20
o rc2+R L2 rc2+R c2 rcz+RZ ( )

Equation (16) to (19) are combined and rewrittermiatrix
form as:

1
diy | |- letr) 0 - 0 1
L 1 0
ddl 1 I,R R i L
di, 0 - r,+—C2 0o -——~ | "
dt |- L, [ 2, +R L, +R) | e |, 1 R Ve
dvey 1 o o . vo |1 Lz(rccz) “R) |,
dt c,
dve, § R 1 Vel 1o - < (rR+R)
0 0 -—F
dt Cz(rcz"'R) Cz(rt:z+R) e

The output equation in Equation (20) can be writtematrix
form as:

VC2

The state-space matrices of zeta converter for Q&te- are
therefore:
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1 1
_f(r01+rL1) 0 _r 0
1 1
_i r.,R _ R
A Hod) o o
Ci 0 0 0
1
R 1
0 — 0 -
L Cz(rcz + R) c (rcz + R)
[0 OR
I
o c2
B - L (rCZ + R)
2710 0R
0o -
cz(rcz + R)

E, =

_0 _ re,R
i r,+R

Equation (8) is revisited and the state-space oestrderived
previously for ON and OFF-state are used, the wedyh
average matrices are:

only variable VS is used for the derivation. Howeter 1Z

multiplication, matrices B and E are included. Hus reason,
B and E matrices need to be separated into twoicesatrBS,
ES (for input variable VS) and BZ, EZ (for inputrigble 12)

which are presented as follow:

R

B=[B, B]= L,(r., +R)

o ol |or|o

Cz(rcz + R)

r

leoR
LZ(rCZ + R)

o ol ol O

CZ (rC2 + R)

Also,

Thus,

Es =[0]
Equation (7) is revisited,
V, =-CA™BU +EU

To get an equation that relates the output andtimpliage,
the above equation needs to be modified by repgjadinVs,
B=BS and E=ES=0:

A=AD+A/(1-D)
_Ta@-D)+r, 0 _1-D o
L, L,
0 _ (rcz + R)(rLZ + Dr01)+ I'czR B _ R
A= L,(re, +R) L, L,(re, +R)
1D -b 0 0
c, c,
R 1
° .l 7R ° ol
b 0
Ll
E ,R
B=BD+B,01-D)= L, Lz(rcz + R)
0 0
R
0 —_
L Cz(rcz + R);
c=c,D+C,a-D)=|0 —eR R
r, +R r, +R
I.,R
E=ED+E,(1-D)=|0 —-—S2—
ep+E0-D)=0 - G

3.2 Zeta Converter Steady-state

U is consisted of two input variables which are &% 1Z.
However, for the steady-state output equation,gbal is to
find the relationship between output and input agét. Thus

V, = -CA"BY, (21)
Or in circuit parameters form [1]:
D 1
V, =V, (22)
° 5(1— D) M, ?

l+£+£( D j+£( D j
R R\1-D) R\1-D

3.3 Zeta Converter Small-signal

Equation (6) is substituted into (9), thus the dreiginal state-
space equation can be written as:
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X' = AX + B +[- (A - A,)A'BU + (B, - B,)U]d
Or
(23)

X = AX+Bi+Bd
Where,
B, =-(A-A)A"BU +(B,- B,

in circuit parameters form [4]:

’7 Lil[((l_ D)(R + rLZ)+ Drc‘l)‘/s - DrLlRlz]
[(1_ D)(R + rLZ)‘/S _(rci(l_ D)+ Dru)Rlz]

-Yov.+Ra-p),]
c, .

1

“(mﬂa(l.%ﬂ[

S
B, = L

R(- D){n EN

lgla
R R

(24)

Equation (10) is recalled, the small signal outpgtiation is
written as

¥, =X+ E+[(C -C)x +(E -l

Since C1=C2 and E1=E2, the equation above is dieglas:

Vo, = CX+ EU 25)
4. CONTROL OF ZETA CONVERTER USING
FULL-STATE FEEDBACK CONTROLLER
(FSFBC)

For a system that is completely controllable an@nshall the
states are accessible, feedback of all of the stht@ugh a
gain matrix can be used. The control law used fates
feedback is:
(26)
u=-Kx

Where K is the feedback gain matrix This type ahpensator
is said to employ full-state feedback controllepassented in
Fig -5.

Fig-5: Full-state feedback controller implementation

The closed-loop system in the state-space repedgantcan
be gathered by substituting Equation (26) into Hgua(l)
and (2):

X =(A-BK)x
y=(C-EK)x

Stability depends on eigenvalues of A-BK. Thusneuwe the
system is stable, the feedback gain matrix, K ndedbe

calculated. There are two methods that will be gmésd in

this thesis to find the feedback gain matrix K;gplacement
and optimal control technique.

4.1 FSFBC Based On Pole Placement Technique

As the name suggested, pole placement is a technidpere
poles are placed at desired location on the compeaxe. For
a full-state feedback controller, the matrix K (m)xis used to
place the poles of the system to desired locafibe. poles of
the zeta converter are the eigenvalues of the statex A.
The zeros of the system are unchanged althougksthiti
feedback controller is used. The pole placemeategy is to
improve the undesirable aspects of open-loop respsunch as
overshoot, rising time, settling time and steadyeserror. For
this thesis, only the later aspect is considered tfoe
compensator design.

Desired poles must be placed further to the lafdsale (on s-
plane) of the system’s dominant poles locatiomtprove the
system steady-state error response. A good rukbuwhb is
that the desired poles are placed five to ten tifoghker than
the system’s dominant poles location [5].

For the full-state feedback controller, the clotmab
characteristic equation can be determined by:

A -(A-BK) =0 (27)

To determine the value of gain matrix K, the desipples
need to be placed. The number of desired polesndspen the
system order. For a system that has an n-ordepdies are n,
and the characteristic equation can be written as:

(S_ pl)(s_ pz)(S— ps)"'(s_ pn) =0 (28)

Matrix K therefore can be determined by comparihg t
coefficients between characteristic equation in dfgn (27)
and (28).

4.2 FSFBC Based On Optimal Control Technique

Optimal control (also known as linear quadratic iropt
control) is used to determine the feedback gairrimyd€ other
than pole placement. This method is different camgeao
pole placement technique since there is no neetbtermine
where to place the desired poles. For optimal ognthe
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control input, u is determined such that the pentomce of the

system is optimum with respect to some performance

criterion. Basically, the goal is to design contetéments that
meet a wide variety of requirements in the bestsibes
manner.

To optimally control the control effort within permance
specifications, a compensator is sought to pro@deontrol
effort for input that minimizes a cost function:

— ("7 T
J —L (x Qx+u Ru)dt
Which is subjected to the constraint of the stagieagon.

x'= Ax + Bu

This is known as the linear quadratic regulator R)Q
problem. The weight matrix Q is an n x n positivems

definite matrix (for a system with n states) thanalizes
variation of the state from the desired state. Whaght matrix

R is an m x m positive definite matrix that penadizcontrol
effort [3].

To solve the optimization problem over a finite ¢inmterval,
the algebraic Ricatti equation is the most commaisigd:

PA+ A'P-PBR'B'P+Q=0
K=R'B'P

Where P is symmetric, positive definite matrix afds the
optimal gain matrix that is used in full-state fbadk
controller.

Since the weight matrices Q and R are both includethe
summation term within the cost function, it is fgathe
relative size of the weights within each quadrédien which
are important. Holding one weight matrix constartile/
varying either the individual elements or a scatailtiplier of
the other is an acceptable technique for iteratiesign. It is

good to maintain an understanding of the effects of

manipulating individual weights, however. In gengraising
the effective penalty a single state or control uiny
manipulating its individual weight will tighten trentrol over
the variation in that parameter, however it maysgoat the
expense of larger variation in the other stataaputs [6].

5.SIMULATION MODEL

Table -1 shows the parameters that are used forzéte
converter circuit. By substituting all the paramsti the state
equations derived previously, the state matricea ba
gathered as presented. Also, the eigenvalues ferztta
converter system can be calculated. Table -2 shbw/gole
placement group. Poles 3x, Poles 5x and Polesféx t@ the

pole location at 3 times, 5 times and 7 times fnttihan the
most dominant eigenvalues that is at -7x103 (rgaése).

FSFBC gain, K for various pole location and costction
weight are calculated for the closed-loop compémsaand
are shown in Table -3 and Table -4, respectively.féx the
Simulink model, the zeta converter open-loop anodsel
model with the implementation of full-state feedkac
controller is shown in Fig -6 to Fig -8.

Table-1: Zeta converter circuit parameters

pafzilll;:::;rs Nalucs paf;l;:l;izrs Ralucs
Vs ov Vo 24V
C; 100uF Cy 220uF
rci 0.8Q2 re2 0.35Q
L; 100uH Ls 68uH
rr; 0.034Q ¥r2 0.029Q
R 280 f 100kHz
- 238x10° 0 - 255x10° 0
Az 0 -143x10* 110x0* -145x10°
255x10° - 745x10° 0 0
0 449x10° 0 - 160x10°
745x10° 0
12d0°  508x10°
[Bs Bz] =
0 0
0 - 449x10°

Cc=|o 346x0" 0 9880
[Es E,]=|0 -346x0?

350x10°
| 4730a0°
|- 33610
0
P, =(- 700+ j99)x1 0P

d

Py, = (- 142¢ j109)x10°

Table-2: Pole placement group

Poles Pole placement

group p1 P2 P3 P4
Poles 3x -21x103 -21x103 -21x103 -21x103
Poles 5x -35x103 -35x103 -35x103 -35x103
Poles 7x -49x103 -49x103 -49x103 -49x103
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Table-3: FSFBC gain for various pole placement 6. RESULTS
F—— Table -5 shows the design requirement for the zeteerter.
égﬁw S The desired output is 24V when the disturbanceswattgn
P ki ks ks ad the allowable limit. Fig -9 to Fig -11 show the opeop
Poles 3x 0.42 -0.18 -0.14 3.66 response for the zeta converter without any disiucb. For
Poles 5x 1.37 -0.76 -0.25 27.88 the open-loop, when subjected to input voltageudistnce of
Poles 7x 1.81 -1.08 -1.82 108.67 vS=1V, the output increased significantly to appneiely
27V (Fig -12). While for load current disturbanceidg=1A,
Table -4: FSFBC gain for various cost function weight the output decreased to about 21.6V (Fig -13). Tésponse
to disturbance is very undesirable.
Cost function TSTBC s K Table-5: Zeta converter design requirement
e K K [ ks
ir2?, ve? 1.14x103 3.42x10" 2.24x102 | 9.57x10 Output voltage, Vo 2av
ir?, 100vcy? | 1.49x10 5.23x10 2.31x1072 9.83 Input voltage, Vs SV *25%%
- Maximum load current, Iz ,ua 4A
100124, ve? 7.70x10- 3.43 2.24x102 8.54x10!
Outpu? voltage 419
regulation (VR) -
ol

L/EZ/ To reduce the effect of the disturbances, fullestiedback

[ ] controller is used. The controller is designed Hase pole
. placement and optimal control technique. When siibge to
@. — input disturbance ofS=1V, the response is shown in Fig -14.

c In Fig -l14(a), the pole location that yield the thes
compensation is Poles 7x with output voltage of0Q8V.
while in Fig -14(b), cost function weight iL22, D22
produced the best compensator with the output geltaf
24.002V. on the other hand, when subjected to madent
disturbance ofiZ=1A, again Poles 7x (23.95V) and iL22,
100vC22 (23.95V) produced the best results as showdy -
16(a) and Fig -16(b), respectively.

Fig -6: Open-loop zeta converter steady-state sigodel

Steady-state

Table -6 shows the summary of the voltage reguiatitien
subjected to input voltage disturbance and/or lcadent
disturbance for FSFSC based on pole placement ptichal
@‘ control technique. It is required that the VR<st 1% (in

. Table -5). For pole placement technique, only potation at

; " j Poles 7x can achieve this requirement while forinogit
control technique, iL22, 100vC22 can be used fer dhtput

) voltage regulation requirement. Since both polegi@ent and

=5
N e

Small signal

Fig -7: Open-loop zeta converter small-signal model optimal control technique can achieve required agst
regulation requirement, it is up to individual thoose their
Stesdy sate preference technique.
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Fig -9: Open-loop output voltage, VO response
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Fig-13: Open-loop output voltage, VO response to
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Fig -15: Compensated output voltage, VO response to
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Table-6: Output voltage regulation using FSFBC based on
pole placement and optimal control technique coispar

Pole Placement Optimal Control

Poles 3x | Poles 5x | Poles 7x | iz, ve2? | izz?, 100ve2? | 100iz22, ver?

Vs =9V £ 25%,
Iz=0A
Vs = oV,
Iz=4A

Vs=0V + 25%,
Iz=4A

Vs =0V - 25%,
Iz=4A

+0.40% | £0.15% | £0.05% +0.02%

-5.55% | -2.18% | -0.76%

-5.15% -2.03% | -0.71%

-5.95% -2.33% | -0.81%

CONCLUSIONS

In this paper, modeling and control of a zeta comve
operating in Continuous Conduction Mode (CCM) haerb
presented. The state-space averaging (SSA) tedhnias
applied to find the steady-state equations and Issigaial
linear dynamic model of the converter. To ensuee dhtput
voltage maintain at the desired voltage regulatezuirement,
full-state observer and controller are used astiroller. To
compensate the output voltage from the input veltagd load
current disturbances, feedback controller gairPfoles 7x and
(iL22, 100vC22) is proven to produce the best camspted
output voltage for FSFBC based on pole placememnt an
optimal control technique, respectively.
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