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Abstract:

Two-Source Fourth Order Integrated (TSFOI) dc-dc converter is designed to process the power from two sources Vg1 and V. This
converter facilitate regulation of dc-bus voltage and LVS current. In the power conversion process it performs bucking operation
for Vg1, buck-boost operation for V. Here, the magnitude of power drawn from each source may not be same. In view of this fact,
there will be an interaction(s) among the systems states and these interactions arise due to (i) the power drawn from different
sources in each mode is different (ii) the rate at which energy is stored and released in the circuit by the inductive and capacitive
elements in each mode are different. These interactions need to be quantified. This can be performed using transfer function matrix.
The transfer function matrix (TFM) of the TSFOI converter is obtained .

Introduction

The switched mode dc-dc converters are designed using either with a single source or with multiple sources. Multiple sources are
interfaced in dc-dc converters to allow both flexibility and reliability. A single integrated converter that accommodates different
types of sources forms a multi-input/multi-port converter (MICs/MPCs). Such a MIC can continue to operate even if one of the dc
sources has failed. Different sources that can be used in MICs are wind turbines, fuel cells, photo voltaic (PV) panels, batteries,

super capacitor/ultra-capacitor/electric double layer capacitor.

Steady-state analysis of the two-input integrated converters gives deep understanding of multi-input converter design while the
dynamic analysis gives the interaction effects, pairing of the input-output variables, controller structure selection and controller
design aspects.  In case of power processing using two dc sources, a two-input integrated converter is a viable option for power
control as it uses less number of components and is simple in structure. The TSFOI DC-DC Converter for the optimal power
distribution was proposed, where the modelling aspects were explored in detail. In this work, TSFOI DC-DC Converter is designed
to process the power from two different sources Vg1 and V. These two converters facilitate regulation of dc-bus voltage and LVS
current. The system modelling plays an important role in the design and implementation of the integrated converter control systems.
Mathematical modelling of a converter is obtained in several ways for example

(a) state-space averaged models,

(b) sampled-data model PWM switch model, and

(c) dynamic phasors model

Though many modelling methods were reported in literature to define dynamics of the dc-dc integrated converters, but the state-
space averaging model is popularly used. PWM switch model using averaging method is reported already in the literature.
State-space modelling aspects of multi-input converters have been discussed. Overview of modelling aspects applicable to dc-dc
converter systems is reported. An exact small-signal discrete-time model for multiphase converter is proposed. Exact small-signal
discrete-time analysis have been used to formulate the model of digitally controlled boost converters, two-input TSFOI converter,
two-input integrated converters, and for multi-state dc-dc converter.

2.2. Significance of Modelling

Modelling is an essential and most important aspect for such converter systems. It helps the designer in many ways:

(1) To understand the operating principles of a converter in various modes.

(2) For analyzing the dynamics of integrated dc-dc converter.

(3) Thorough steady-state and transient analysis.

(4) Useful for design of converter control system.

If the exact model is not known, the controller designed may not be effective in regulating the integrated converter variables and
the resultant system may exhibit poor dynamic performance characteristics.
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2.3 Modeling of TSFOI DC-DC Converter
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Fig.2.3. (a) Circuit Diagram of TSFOI DC-DC Converter
The TSFOI converter shown in Fig. 2.3 (a) is suitable for power processing from two sources Vg1, which is a high voltage source
(HVS) and Vg, which is a low voltage source (LVS). It has two diodes, four energy storage elements, and two switching devices;
hence it forms a fourth-order system. During this power conversion process it performs bucking operation for HVS, Vg1, buck-boost
operation for the LVS, Vg2.
The converter is having the following salient features (a) both sources Vg and Vg, are supplying power to down-stream loads by
drawing continuous currents from their respective sources and hence the corresponding source ripple currents are low. (b) automatic
load transfer on to the first dc source if the second dc source capacity, a weak source with limited power supplying capacity, is less
than the load demand, and (c) simple control strategy, with or without overlap of duty ratio signals, as there are only two switching
devices need to be controlled.
Based on the current status of the inductors, the converter circuit may be operating in either continuous (CCM) or discontinuous
conduction mode (DCM). These modes of operation is also depends on (i) the amount of power processing (ii) switching frequency
and (iii) physical location of inductors in the circuit. As this converter is meant for processing higher load demands, where one dc
source unable to meet the complete load demands and hence the inductor currents are mostly continuous in nature. Hence, analysis
and design of the proposed converter is presented for continuous current mode (CCM) of operation.
The two switches of this converter turns-ON and turns-OFF using the fixed-frequency PWM control signals d1, dz, and the constant
switching frequency is1/T_ . The two switches can be synchronized in two ways by using either trailing edge or leading edge digital

pulse width modulations. Although both can be used for this converter, but a trailing-edge digital pulse width modulated switching
scheme is used in this work.

Depending on the available power and load demand with each dc source, three different cases will arise based on the controlling
duty signals, which are: (i) d1 is equal to d (ii) d1 is less than d2 (iii) d1 is greater than d.. In the first case the circuit will undergoes
only two structural changes in one switching cycle while in last two cases the circuit will undergoes three different structural changes

in one cycle. Here, the integrated circuit is analysed by considering d1 > dz, using the trailing-edge synchronized switching signals.

For d1 > dz, case the switching sequence in one cycle is:

0] S1 and S, both are ON, D; and D both are in off-state
(i) S1-ON and D2-ON, S,-OFF and D;-OFF
(iii) S1-OFF and D2-ON, S,-OFF and D;-ON.
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Fig. 1. Circuit diagfam of the pl;oposed two-input integrated DC-DC converter.

Mode-1 operation: (0 <t <d2Ts):
In this mode the switches both S; and S; are in the ON -state and the diodes D1 and D; both are in OFF-state. The equivalent circuit
diagram for mode-1 is shown in the Fig.2.1 (b). In mode-1 operation the inductors L, and L, are charging through the voltage

sources Vgl+vcl and ng respectively, and the load demand is met by the load capacitor C,. The capacitor C; is discharged

through the switch Sa.

S Y'Y\
K ~? 2
Sy lg1 § Lo oo )
) lo
D iy Vv
—_ Va !
+
Culco == R
Vg2 S, ’( D,
. Culer
io2, Lo, N il
1]

Fig. (b) Mode-1 Circuit Diagram
Applying Kirchhoff’s current law at the node that contain L1, Co, R
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=1, +i¢,
VCz +rC2ICZ ]
I, = +1c
R 2
Defining b= R
R+r,

1 R R C,

Expressing Ic2 in terms of the state variable ch

dv b
CZ d—fz = bll —EVC2
dve, b. b

l, ——V
dt C,' RC, ©
Applying the Kirchhoff’s voltage law through load resistor and the capacitor C;

Vo =Ve, TTe, g,
Substituting the egn. (2.1) in eqn. (2.3a)

. Ve
Vo =V, +bre, [|1_ = J

i a
V,=ai +|{1-=|v
oo [ R] “
Vo =ai, +bv,

Applying Kirchhoff’s current law at the node that contain Cy, C4, R

i, =

e, iy
t  C

Apply the Kirchhoff’s voltage law in loop2 which contain the elements Vg, L, along with its parasitic resistances and the

conducting switch Sy,
ng =V, +hl,
=V, -1l

VLz 92

di
L. —2
2 dt
diZ r2 H ng

=—hi, +V,,

, t
dt L, L,

Applying the Kirchhoff’s voltage law to the loop1, which contain the elements Vg1, conducting switch Sy, Ly, C1, C; along with its

parasitic resistances

L, %+ i, —Ve, - rclicl +V, = Vgl
dt

v, + i, — Ve, — I, icl +Vy =V,
V=V, R Ve e =V

Substituting equation (3) and ic1 = _il
V=V, i+ Ve 1o (@i, +bv, )

% G
Defining k; = (r1 +Ig, +a)

V=V, = (6 + 1 +a)i +vg —bvg,
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dil V91 (rl + I'Cl +a) : V01 b

— =+ —-—V
dat L, L, L, L ~
dl Vgl _ kl | + VC1 b
a L LtL oL ©

The dynamics of power conversion process is in mode-1 of operation described using state model given in (1).

X=Ax+Bju
y[n] =EqX([n]
y[n]=[ %) ig(z)]T

{Vo (Z)} El}f((z) _E%(2)

i2(2) | LR
[k 0 1 b (1 0 1
Ll Ll Ll Ll
I,
Where 0 -~ 0 0 1
. B=[0 —
A = 1 L
1 2
-—— 0 0 0
C, 0
by o b 0 o0 |
L C, RC, |
E=[a 0 0 b F,=[0] P.=[0 1 0 0]

Mode-2 operation: (d>Ts<t<diTs)
In mode2 of operation S; and D; both are in the ON-state and S, and D; are in OFF-state. The equivalent circuit for mode-2 is

shown in the Fig.2.1(c). In mode-2 operation the inductors L; and L, are charging through the voltage sources Vgl and ng

respectively.
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Fig.2.1 (c) Mode-2 Circuit Diagram
Applying Kirchhoff’s current law at the node that contain Ly, Co, R

i=|+i

. Ve, [Rer ).
Rr,
Asdefinedb:[ R J,a:[i},a:brcz

+Ie,
\/
icz = b[il - Fiz ]

dve, bi D
—=2 =bhi,——V
dt 'R

ig2

CZ

&, b. b

l, ——V
dt C,' RC, “

Applying Kirchhoff’s current law at the node that contain C; and L
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o _b

dt C,

Applying the Kirchhoff’s voltage law to loop-2 which contain the elements Vg, L, Ci along with its parasitic resistances and
conducting diode Ds.

Vy, Fhl+rele +Ve =V

9
vy, = ng —hl, =Tl — Ve,

Applying the Kirchhoff’s voltage law to loop1 which contain the elements Vg1, conducting switch Sy, L1, C, along with its parasitic
resistances

di, .
le—t1+r1|1 +V, =V,

V0LV =Y

Substituting V, =ai, +bv

vy, +hi +ai +bve =V,

v, =V, —(ni, +ai, +bv, )

vV, =V, —hi,—ai, —bv
di,

L= Ve~ =i, —bv,

di, Vg (n+a). b

a L, L, ‘L~

(r,+a) 0 0 b 1 o
L, L, — 0
L
(r,+ I’Cl) 1 0 1 1
L, L, B,=|0 —
#a~ 1 2L
0 C—l 0 0 0 0
b 0 b 10 0 |
L CZ RCZ
E,=[a 0 0 b F,=[0] P,=[0 1 0 0]

Mode3 operation: (di Ts<t<Ts)

In this mode of operation S1 and S, both are in off-state and the diodes D, and D; both are in on-state. The equivalent circuit for
mode-3 is shown in the fig below. In mode-3 the load demand is provided by the voltage source V.
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Fig.2.1 (d) Mode-3 Circuit Diagram
Applying Kirchhoff’s current law at the node that contain L1, Co, R

=1y +1,

. VCZ +I’C2ICz .

I, =——+I,
R 2

dve. b. b

=—Ii——V
it C," RC, ©

Vo =Vc, *+1gic,

Substituting the equation (1) in the above equation
_ P VCz

Vo =V, +hbre, [ll— = J

V, =ai, +(l—%} Ve,

Vo =ai, +bv,
Applying Kirchhoff’s current law at the node that contain C, L

IC1=I2
v,
C L=
1 dt 2

Apply the Kirchhoff’s voltage law to loop1 which contain the conducting diodes D1 and Dy, L,, C1 along with its parasitic resistances
v+ i, =-v,

Vi, =V, —hi

di :
le—tl——vo—rll
L1%=—(ai1+bvc2)—rli
Vo =ai, +bvg,

di .
le—tlz—(a+r1)|1—bvCZ
di, (<’:1+r1)i b
dt L, 'L °
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Apply the Kirchhoff’s voltage law to loop2 which contain the elements Vg, Lo, C1 along with its parasitic resistances and conducting
diode D».

V,, =V, 0l + e, + Ve,

v, =V, —(rzl2 +rl, +vc1)
Vi, =V, (5 )i Ve,

2%:%2 —(r2+rcl)i2—vCl

(r,+a) 0 o P
L, L, 00
7(I’Z+I’Cl) 1 0 Oi
A3= L, L, 51: L2
0 1 0 0 00
C 0 0
b 0 0o -0
e RC,
Es=[a 0 0 b] F,=[0] P,=[0 1 0 0]
Conclusion:

In this thesis, TSFOI dc-dc converter state-space modeling aspects are discussed. The transfer function matrix of TSFOI converter
is derived for each mode of operation.

References:

[1] E. H. Bristol, “On a new measure of interaction for multivariable process control,” IEEE Trans. Auto. Cont., vol.11, no.1, pp.
133-134, Jan. 1966.

[2] L. S. Tung and T. F. Edgar, “Analysis of control-output interactions in dynamic systems,” AIChE Journal, vol. 27, no. 4, pp.
690-3, Jul. 1981.

[3] H. Lau, J. Alvarez, and K. F. Jensen, “Synthesis of control structures by singular value analysis: Dynamic measures of sensitivity
and interaction,” AIChE Journal, vol. 31, no.3, pp. 427-439, Mar. 1985.

[4] P. Grosdidier and M. Morari, “Interaction measures for systems under decentralized control,” Automatica, vol. 22, no. 3, pp.309-
19 May 1986.

[5] N.Jensen, D. G.Fisher, and S. L. Shah, “Interaction analysis in multivariable control systems,” AIChE. Journal, vol. 32, no. 6,
pp. 959-970, 1986.

[5]J. Lieslehto and H. N. Koivo, “An expert system for interaction analysis of multivariable systems,” Int. J. of Adaptive Control
and Signal Processing, vol. 5, no.1, pp. 41-62, Jan. 1991.

[6] S. H. Hwang, “Geometric interpretation and measures of dynamic interactions in multivariable control systems,” Ind. Eng.
Chem. Res., vol. 34, no. 1, pp. 225-236, 1995.

[71 M. Kinnaert, “Interaction measures and pairing of controlled and manipulated variables for multiple-input multiple-output
systems: a survey,” Journal. A, vol 36, no.5, pp. 15-23, 1995.

[8] S. Skogestad and 1. Postlethwaite, “Multivariable Feedback Control: Analysis and Design,” John Wiley & Sons, 1996.

[9] A. Conley and M. E. Salgado, “Gramian based interaction measure,” in Proc. of IEEE Int. Conference, CDC2000, vol. 5, pp.
5020-5022.
[10] A. Conley and M. E. Salgado, “Gramian based interaction measure,” in Proc. of IEEE Int. Conference, CDC2000, vol. 5, pp.
5020-5022.

[11] B. Halvarsson, M. Castano, and W. Birk, “Uncertanity bounds for gramian-based interaction measure,” WSEAS Int.
Conference on Systems, pp. 1-6, 2010.

[12] D. Chen and D. E. Seborg, “Relative gain array analysis for uncertain process models,” AIChE journal, Vol. 48 no. 2, pp. 302-
310, Feb. 2002.

JETIR2112051 ] Journal of Emerging Technologies and Innovative Research (JETIR) www.jetir.org | a459


http://www.jetir.org/

© 2021 JETIR December 2021, Volume 8, Issue 12 www.jetir.org (ISSN-2349-5162)

[13] T . Mc Avoy, Y. Arkun, R. Chen, D. Robinson, and P. D. Schnelle, “A new approach to defining a dynamic relative gain,”
Control Engineering Practice, vol. 11, no. 8, pp. 907-14, Aug. 2003.

[14] J. Lee and T. F. Edgar, “Dynamic interaction measures for decentralized control of multivariable processes,” Industrial &
engineering chemistry research,” Vol. 43, no. 2, pp. 283-287, Jan. 2004,

[15] M. E. Salgado and A. Conley, “MIMO interaction measure and controller structure
Selection,” Int. Journal of Control, vol 77, no. 4, pp. 367-383, Jan. 2004.

[16] M. J. He and W. J. Cai, “New criterion for control-loop configuration of multivariable processes,” Industrial & engineering
chemistry research, vol. 43, no. 22, pp. 7057-64, Oct. 2004.

[17] Q. Xiong, W. J. Cai, and M. J. He, “A practical loop pairing criterion for multivariable processes,” Journal of Process Control,
vol. 15, no. 7, pp. 741-747, Oct. 2005.

[18] M. S. Brocal and D. Oyarzun , “MIMO interactions in sampled data systems,” IFAC World Congress, vol. 6, no. 1, pp. 119-
124, 2005.

[19] P. Samuelsson, B. Halvarsson, and B. Carlsson, “Interaction analysis and control structure selection in a wastewater treatment
plant model,” IEEE Trans. Cont. Sys. Tech., vol. 13, no. 6, pp. 955-964, Nov. 2005.

[20] V. Kariwala, S. Skogestad, and J. F. Forbes, “Relative gain array for norm-bounded uncertain systems,” Ind. Eng. Chem. Res.,
vol. 45, no. 5, pp. 1751-1757, 2006.

[21] M. E. Salgado and J. I. Yuz, “Mixed domain analysis of MIMO dynamic interactions,” in Proc. of IEEE Int. Conference,
NSC2007, pp. 340-344.

[22] B. Halvarsson, “Interaction analysis and control of bioreactors for nitrogen removal,” PhD Thesis, Uppsala universitet, 2007.

[23] B. Halvarsson, “Comparision of some Gramian based interaction measures,” in Proc. of IEEE Int. Conference, CACSD2008,
vol. 330, pp. 138-143.

[24] B. Moaveni and A. K. Sedigh, “Input—output pairing analysis for uncertain multivariable processes,” Journal of Process
Control, vol. 18, no. 6, pp. 527-32, Jul. 2008.

[25] M. J. He, W. J. Cai, W. Ni, and L.H. Xie, “RNGA based control system configuration for multivariable processes,” Journal
of Process Control, vol. 19, no. 6, pp. 1036-1042, Jun. 2009.

[26] Y. Shen, W. J. Cai, and S. Li, “Multivariable process control: decentralized, decoupling, or sparse?,” Industrial & Engineering
Chemistry Research, vol. 49, no. 2, pp. 761-71, Dec. 20009.

JETIR2112051 ] Journal of Emerging Technologies and Innovative Research (JETIR) www.jetir.org | a460


http://www.jetir.org/

