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ABSTRACT. Until now, most commonly used state space averaging and PWM techniques have been
applied to different converter topologies and their advantages and disadvantages were stated. However,
the superiority of an analytical technique was not justified based on a parametric comparison of these
techniques for the same converter topology. Hence, in this paper, first time a comparative evaluation of
two commonly used modelling techniques for fourth order converter is presented. The first approach
makes use of a state-space averaging of the converter and is based on analytical manipulations using
different state representations of the converter. The second approach is based on PWM switch modelling
with an extra element theorem and consists of topological manipulations. The two modelling techniques
are applied to the same complex cascaded DC-DC Buck converter and a transfer function is obtained.
These techniques are compared for different features and the study concludes that state space modelling
technique is systematic and less complicated than PWM switch modelling with an extra element
theorem for a higher order converter.

KEYWORDS: Analytical technique, cascaded DC-DC Buck converter, state space averaging, PWM
switch modelling, extra element theorem, transfer function.

1. INTRODUCTION

Analytical techniques play a vital role in analysing the behaviour of converters under different conditions,
performance improvements and design aspects. DC-DC converters have a high number of components and
nonlinear behaviour due to the existence of a switch and diode in circuit, which makes them complex in
nature. A study of dynamic behaviour and assessment of stability of such nonlinear and complex circuits is
a very challenging job. Article [I] presented the review of existing analytical techniques in a structured and
meaningful manner and stated that the circuit averaging (CA), state space averaging (SSA), and PWM switch
modelling are most commonly used analytical techniques, whereas signal flow graphs, energy factor, switching
function, S-Z method are special techniques. SSA is an organised method which allows the inclusion of parasitic
elements of a circuit even in the initial stage, permits to explore a linear system with a zero initial condition
and nonlinear systems with all initial conditions [2H4]. It is preferred to design a robust controller. However,
as it doesn’t consider switching frequency in the analysis, this technique is applied by neglecting the ripple
effect on inductor current and output voltage [5] [6], which affects its accuracy [7HI]. State space representation
is used for mathematical modelling of SEPIC converter, which is further used to contrivance the controller.
The results of PI controls and hysteresis controls are compared using PSIM software [I0]. The PWM switch
modelling technique employs determination of invariant properties of the PWM switch to obtain the average
model of circuit and small signal characteristics can be obtained from this average model [IT]. PWM technique
with conventional approach is simple and pedagogical approach of analysis and provides complete information
about steady state and dynamic properties of the converter. This approach is also useful for frequency domain
analysis and quasi resonant converters. PWM technique using Extra Element Theorem (EET) is more efficient
and practical for general circuits, as it leads to a faster analysis due to a reduced mathematical manipulation,
meaningful form of expressions and it is easy to track the errors [12].

An enormous study has been conducted regarding SSA and PWM switch modelling techniques for converters.
Article [2] investigated dynamic modelling of Zeta converter, wherein transfer functions, bode plot, transient
response and steady state response were obtained using MATLAB and PSPICE. Article [I3] obtained state
equations and output equations using SSA technique for Buck, Boost and Buck-Boost converter and observed
that the state space model simulation results are comparable with a hardware model with a deviation of only
0.0015 V. However, this technique doesn’t simulate ripple effect of inductor current and output voltage due
to the absence of switching frequency. Article [I4] analysed SEPIC converter using an average state-space
modelling approach taking into account power losses in converter elements and concluded that this methodology
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contributes for converter design as per the requirements and reduces the need for accurate time domain
simulations. Mathematical modelling of DC-DC Buck converter using state space averaging and validation of
the models was performed using PSIM and MATLAB Simulink [I5]. The studies were performed for state space
small signal modelling of a double Boost converter integrated with SEPIC converter [3], [16l, 7], and SEPIC
converter with coupled and uncoupled inductor [I8]. Book [I9] presented the well-defined and systematic process
of small signal analysis of nonlinear circuits using state space analysis to determine the control to output transfer
function. The concepts and mathematical modelling of circuits using EET [20] and PWM with EET [21] were
studied. The output impedances of three PWM DC-DC converters were analysed in a general and unified
manner using PWM switch modelling with EET technique [22]. Article [23] presented the effect of an input
filter interaction in the small signal analysis of voltage and current control mode of DC-DC Boost converter and
concluded that the methodology is universally adopted. MATLAB Simulink was employed to study the output
voltage for multiple DC-DC converters [24] and Boost converter [25].

Article [12] presented PWM with EET to a general circuit and concluded that it is a fast analytical technique
which produces a well-ordered polynomial and low entropy form of transfer functions. However, by applying
this technique to a complex SEPIC converter, the study concluded that as the circuit becomes complicated,
a conventional node and mesh analysis is better instead of the PWM with EET. Nevertheless, the basis of
comparison for this statement is not presented in the study, and therefore it is necessary to study the features of
PWM with EET technique for higher order circuits. Some of the existing studies have developed the analytical
models, obtained simulation results and commented on advantages, disadvantages and applications in a relative
manner without comparing the results with a counterpart technique, which doesn’t fit into the acceptable
scientific and technical approach. The advantages, disadvantages and superiority of a technique should be based
on a comparison of two or more techniques for the same converter topology. Even though numerous studies
regarding SSA and PWM with EET techniques for different converters have been performed, surprisingly no
efforts were done to compare these techniques for the same converter and to comment on the superiority of the
analytical technique. The past few years have perceived notable development in the research of DC-DC converter
topologies. Although the conversion efficiency of a single-stage converter is better than that of the two-stage
converter, the quadratic converters are proposed for extremely large range of conversion ratios. As a part of this,
complex cascaded Buck converter (CBC) is always preferred for many applications, as it has a better conversion
ratio, high voltage step down ratio, and large voltage regulation [26]. Therefore, in this paper, a comparative
evaluation of two widely preferred modelling tools for a higher order DC-DC converter is presented. The first
approach makes use of a state-space averaged model of the converter based on the analytical manipulations,
whereas the second approach is based on the PWM switch modelling with EET technique based primarily on
the manipulations of circuits. The two modelling techniques are applied to a same complex cascaded DC-DC
Buck converter and are compared on the basis of their various features to decide the superiority for a higher
order circuit.

2. MATERIALS AND METHODS

2.1. COMPLEX CASCADED DC-DC BUCK CONVERTER

The existence of two transistor switches of the conventional cascaded Buck converter can be reduced to a single
transistor switch in the complex cascade DC-DC Buck converter as shown in Figure [I} which has two inductors
and two capacitors making it a fourth-order circuit and has a quadratic conversion ratio of D?. This single-
transistor realisation is the most additional advantage over a straight forward cascade of two basic converters.
The switching section consists of one active switch and three diodes. Though the circuit is complex, the
conversion ratio of CBC cannot be realised with less than two capacitors, two inductors, and four switches.
However, additional complexity of the converter network may compromise the wide conversion ratio. The control
strategy of the complex CBC is depicted in Figures [2h and 2b. The ON state and OFF state correspond to the
operation of two Buck converters connected in a cascade as depicted in Figure
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Fi1GURE 1. Topology of cascade DC-DC Buck converter.
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FIGURE 2. Switching mechanism of complex CBC.
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FI1GURE 3. Operation of complex CBC.

The total output voltage is given by Equation [I}

1 T
Vy = T/ (=DVi + DVi(1 + D)) dt
0
Vo = D?*Vy (1)

Where, D is the duty ratio and

D2—] /TD%w&
T 0

The chopper circuit of CBC has one active switch and three passive switches, which are driven by switching
function D?(t) and D 2(t), respectively. The switching function is given as,

oo 1 O0<t<Ton
D(t){o Ton <t<T

2.2. STATE SPACE AVERAGING TECHNIQUE

The state-space averaging method is based on analytical operations for the converter states comprising the
determination of linear state model for each possible configuration of circuit and subsequently combining all these
elementary models into a single and unified one through a duty factor. The method involves a formulation of
the state equation for each state, averaging, perturbation and then rearranging equations to obtain the required
transfer function by applying Laplace transform. The complex CBC is considered in continuous conduction mode
and switch and diodes are considered in ideal mode. Considering, inductor currents I, Iy, and capacitors
voltages Vo1 and Voo as the state variables, the state equation and output equation in ON state of the CBC
(Figure [2h) are expressed by the Equations [2] and

dir) _ v ver

dt L, Ly
dgm) _ Vi Ve
L L
g(Vm) _2 Iny ’ (2)
dt — &1
d(VC2) _ I Vo
dt = C: RC>
Vo = Voo (3)
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Similarly, the state equation and output equation in OFF state of the converter (Figure ) are expressed by
the Equations and .

diw) . vey
dt = L
d(ém) _ Vo _ Voo
t L L
d(ver) i _ ; (4)
dt C1 C1
d(VC2) I Vo
dt - Cs RC>
Vo = Voo (5)

The general form of state equations for ON state and OFF state are given as,

X(t) = Ayz(t) + Bru(t) During dT
X(t) = Agz(t) + Bou(t) During d’T
Y(t) = Ciz(t) During dT
Y (t) = Cax(t) During d'T

Where X (t) is the state vector, x(t) is the state variable matrix, u(t) is the input variable matrix, A; and
Ao are the state matrices and B; and Bs are the input matrices, C; and Cs are the output matrices and d is
the switching function. Thus, Equations and are represented in matrix form as,

I 0 0 —1/L 0 I 1/L,
Ipo| 0 0 0 —1/Ls Iy 1/Ls
V:Cl - 71/01 0 0 0 Ver + 0 i€ (6)
Voo 0 1/Cy 0 —1/RC5| | Vea 0
Ity
and Va=1[0 0 0 1] éfj (7)
1
Voo
Equations and are represented in matrix form as,
Iy 0 0 -1/, 0 Iy 0
IL2 0 0 1/L2 —1/L2 ILQ 0
Ver| ~ [1/G1 —1/¢ 0 0 ver| T o ™ (8)
Vi 0 1/Cy 0 —1/RC5| | Voo 0
I
and Va=1[0 0 0 1] ‘1/22 . (9)
1
Voo

The matrices of Equations @ to @ are averaged with respect to switching function D and D" and are given

in Equations and .

0 0 —1/I4 0 D/Ly
, 0 0 D' /Ly —1/L, © | D/Ly
A=AD+AD = . B=B D+ ByD = 1
A 1/c, -D'/Ci 0 o | 12 B 0 (10)
0 1/Cy 0  —1/RC, 0
C=CiD+CD =0 0 0 1] (11)
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Thus, a complete averaged state space model of the CBC is given by the Equations and .

I 0 0 ~1/1, 0 I, D/L,
Iro 0 0 D' /Ly —1/Ly | |ILs D/L,
Ver| ~ |1/cr -D'jey 0 0 Ve | Tl o | h (12)
VCQ 0 1/02 0 —1/R02 VCZ 0
Iy
Ir2
Vo=1[0 0 0 1 13
2 [ ] Ve (13)
Voo

To obtain the linear small-signal state-space model, perturbation is added in each state variables and linear
steady state model is obtained as in Equation .

le 0 0 ~1/L, 0 I

: [11 ~Vi/D'Ly

Tra | _ | 0 0 D' /Ly —1/Ly Ira n Vi/D' Ly (14)
Ver 1/c, -D'/Cy 0 0 Ver —DV;/2RC,

o 0 1/Cy 0 ~1/RCs] Vi 0

The general equation of Laplace transform of the linear steady state model is given by the following expression,

#(s) = [sI — A7 [(A) — A9)X + (By — By)U]d(s) = [[sI — A]"*Bg]d(s). (15)
For CBC,
100 0 0 0 -1/I, 0
oan_ .01 00 | o 0 D'/Ly —1/L,
(sI=A)=s51y o 1 ¢ 1/c;, -D'JCi 0 0
00 0 1 0 1/Cy 0  —1/RC,
S 0 1/L1 0
T s  —=D'/Ly  1/L,
(sI —A) = e Do ) 0 (16)
0 —1/02 0 S+1/R02

_,  Co-factor of ((sI — A))T
N I— A= : 1
o [5 ] Determinant of (sI — A) (17)

Cii Cr2 Ciz3 Cuy
Ca1 Ca Caz Co
C31 Czp Cs3 Oy
Cu Chpa Cus Cu

Let, Co-factors of (sI — A) = then,

Cii Cun O3 Oy
Cia Cpn (O3 Oy
Ciz3 Oy C33 Oy
Ciy Oy O34 Cy

(Co-factors of (sI — A))" =

Where, co-factors are given in Table
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Co-factor Expression Co- factor Expression
1 1 D" D2 1 1 1
C S§34+52 S C -5 -9
! " \Re )\ Lo T e | T RO, T I, "RCsL, | GoLiLs
D 1 1 D' D'
c - -5 ¢  R——
" L, RCiC;, "G - L, " RCyCs
1 1 1 1
C S?— -8 + C 3492
e C RCCy  C1C3Ly » ST+S (RCQ) + SL202
D D
C - C- -9
" CiCsLs . CoLs
Co _g D _ D Cu D
01L1 RCngLl C1L1L2
1 1 1 1 1
c 53+ 52 S C B~ B
> " \&e, ) TP Te T ROGeL 2 I, CiliLs
D D D
c S2 S C -8
2 Cl + RC’102 * ClL2
1 1 D" 1
o S2—p c 3 1
2 02 CICQLl “ 5T+ Schl + SclLl
TABLE 1. (Co-factors of (sI — A))7T.
Determinant of (sI — A) is
s  —D'/L, 1/Ly 0 D'/L, 1/Ly
s|D'/Cy s 0 +0 |-1/Cy s 0
—1/C2 0 S+1/R02 0 0 S+1/R02
0 s 1/L, 0 s D'/Ly
+1/Ly |-1/C, D'/Cy 0 +0|-1/C; D'/C, s
0 —1/02 S+1/R02 0 —1/02 0
This yields the determinant of (sI — A) as,
Lo+ DL : L1 LyC
1+s <2+R1> + 8%[LaCo + L1Cy + L1CyD ?] + §° (1R“> + 5*(L1 Ly C1 Cy) (19)

Substituting Equations and in ,

Ci1 Oy O3 Cy
Ciz O O3 Oy
Ciz3 Cyz (33 Cys
Ciy Coy C3q Cyy

[s] — A]7! = -
1+s (%ﬁ) + 82[L202 + L1Cq + LngD’Z] + 53 (%) + 84(L1L20102)

(20)

~Vi/D' L,
Vi/D' Ly
—DV;/2RCy
0

and By =
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Thus, from Equation , the equation of Laplace transform of complex CBC becomes,

Cii Ca Cs1 Cn 1
Ciz Ca (s Cyo

Ciz Cag (33 Cys —V1/D/L1
014 024 034 044 Vl/D/LQ (2(8)
1+s (%) + 82[LaCy + L1Cy + L1C3D'2) + 3 (LLeCh) 4 54 (L, 1,01 C) —DV162301

The general equation of Laplace transform of the output at a steady state is given by,

§ = Ci(s) + [(Cr — Cy) X (s)]d(s).

From Equation and @D C1 = Cy. Thus, § = Ci(s)cz(s)
Hence for complex CB

Va(S) = (22)

i Ci1 C21 C31 Oy T
Ci2 Coa C3z2 (g2
Ci3 Co3 Csz3  Cus -W/D' Ly
C C C C / N
[O 0 0 1] - 14 24 34 44 gl‘;D 220 d(s)
1+s (7“*12 Ll) +82[LaCy + L1C1 + L1CoD'2] + 53 (2LE2EL) 4 s4(L1LoCiCo) | |~ 1({2 !
Solving Equation ([23)), control to output transfer function of complex CBC is,
~ 2 1+D
VQ(S) B (1—|—8L1( >—|-S L,Cy ( )) (23)

d(s)  1+s (4L2+1’;QL1*) + 82[LyCo + L1Cy + L1CoD'?) + 83 (L1L2Cr) 4 84(L1L20102).

It is realised that the calculation of matrix (sI — A)~! becomes complicated for any high order circuits,
which is in agreement with what is stated in [27].

2.3. PWM swiTcH WITH EET TECHNIQUE

The main principle of the PWM switch modelling technique is the elimination of active and passive switches
by their time-averaged models and obtain the averaged circuit model for a switched network, which is further
inserted into the converter circuit. The final model is a time-averaged equivalent circuit model, where all
branch currents and node voltages correspond to averaged values of corresponding original currents and voltages.
Replacement of active and passive switches from the basic switch model (Figure ' by switching functions d and
d , respectively, is depicted in Figure [5)

1
2 Yo
I >
! L
1 1 d 2
1 o—o0
. Il—b 12 > In—>
1 d'
1
3
FIGURE 4. Basic circuit model of switch. F1GURE 5. Replacement of switches.

The invariant average equations for Figure [o] are,

I =dIl> }
Vog = dVi3
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Adding a small deviation in duty ratio function d and then differentiating Equation ,

71 = Diy + Ind } (25)

Vaz = DVis + Visd

where, D, I> and Vi3 are the Steady state operating points of PWM switch. The PWM Switch model from
invariant average Equatlons is obtained as depicted in Figure @ Also, using Equatlon ), dependent
sources D7, and DV23 are replaced with 1:D transformer and moving control source dV13 from common terminal
side to active terminal side, and the PWM switch model is obtained as in Figure [} Thus, in PWM switch
modelling with EET, the switch and diode are replaced point by point with its equivalent circuit model and
further EET is employed to find out TF of the converter circuit.

I,(t) I,(t)

Vis(t
13(t) d(t)Vas(t)  v,5(t)

FIGURE 6. PWM switch model. FIGURE 7. PWM switch model as 1:D trans-
former ratio.

FIGURE 8. Two PWM switches as 1:D transformer ratio for CB.

Therefore, for complex CBC, the conditions of ON state and OFF state of switches are employed and two
PWM switches are identified, which are represented as S; and S5. The identified PWM switch models are
replaced with 1:D transformer along with their small signals as depicted in Figure |8] In order to determine dc
operating point of complex CBC, all inductors are short circuited and capacitors are open circuited. Referring
to Figure 8] dc operating point with respect to switch S is,

Vapr = V1.
Current flowing through terminal ‘c’ of switch Sy is,
It = Io = DIy = D' Ly,
Similarly, dc operating point with respect to switch s is,
Vap =Vi(1+ D),
Vo  D*Vy

I = —_— =
c2 R R

Once the dc operating point is determined, 4-EET is applied that provides separate, independent steps of
the analytical technique. The general form of control to output transfer function is {Udz(—(;))} . In the very first
step of 4-EET, denominator J(s) is determined, for which each impedance element of the converter is treated as
extra element and input sources are set to zero. With respect to Figure [3| C1, Cs, Ly and L; are considered

as 4 ports and numbered as port (1), (2), (3) and (4), respectively. Treating these ports as an extra element,
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various time constants are determined by removing port elements and observing the remaining circuit through
the removed port.
The denominator of the transfer function is given by the following equation:

d(s) =1+ a5+ ags® + azs® + aqs?, (26)

where

a1 =T1+T2+ T3+ T4
ag = 7'1712 + 7'1713 + Tlrf + 727'23 + 727'5L + 737'§

27
az = 7'17'137'??1 + 7'47'41721 + T4Tj7'fl + 7'37'237'243 (27)
a4 = TuT{TH T
Figure |§| is referred for determination of () for a;, which is explained in Table
(a) (b) (© (d)
FIGURE 9. Determination of (a) 71 (b) 72 (c) 73 (d) 74.
T Expression
71 Time constant of first port is R., x C, determined by observing the circuit through port
(1), capacitor of this port 1 is assumed as extra element and is removed temporarily, L1, Lo
and C, are assumed in dc condition. By observing through port 1, the R, is 0, therefore,
T =Reg x C1 =0.
7o Time constant of second port is R.qy x C2, determined by observing the circuit through port
(2), capacitor of this port is now extra element and is removed temporarily, Ly, Ly and C4
are assumed in dc condition. After observation, R.q is 0, therefore, 7o = R4 x Cy = 0.
73 Time constant of third port is ( ]§—2>7 which is determined by observing the circuit through
eq
port (3). Inductor of this port is extra element and is removed temporarily and Cy, Cy and
L, are kept in dc condition. By observation, R.q is R. Hence, 73 = %.
74 Time constant of fourth port is ( 1% 1 ), which is determined by observing the circuit through
eq
port (4). Inductor of this port is extra element and is removed temporarily and Cy, Cy and
Ly are kept in dc condition. By observing the circuit it is seen that R, is % . Hence,
T4 = 7ng : .
TABLE 2. Determination of () for ai.
By summarizing the results of Table 2] we get:
Ly I,D”
a1 = — + 28
=24 (28)

First two terms and the last term of the as (Equation ) are zero. The calculation of as is only addition of
middle terms, i.e. (717 + 7273 + T274), which are indeterminate and is removed by changing the port sequence
as [747} + 7374 + 7477]. Referring the Figure terms 7} , 74 and 77 are determined as described in Table

By summing up the results from the Table [3] we get:

as = L1C1 + LyCy + LngDlz. (29)

The first term of the a3 (Equation (27)) cannot be determined as it gives a ratio of (0/0), this indeterminacy in
time constants is removed with new sequence of ports for az which is,

3_2 1.2 1.3 3_4
as =TTy T3y + TaTiTiy + TaTyTay + T3T5 Tos- (30)
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1
(@) (b) ©

FIGURE 10. Determination of (a) 71 (b) 73 (c) 73.

T Expression

74 Observing the circuit through port (1), port (4) is considered in high frequency state and
ports (2) and (3) are kept in dc condition, capacitor of port (1) is treated as extra element
and removed temporarily, equivalent resistance R, is £ Hence a7} = L1C}.

D2

72 Observing the circuit through port (2), port (3) is considered in high frequency state and
ports (1) and (4) are kept in dc condition, capacitor of port (2) is treated as extra element
and removed temporarily, equivalent resistance R4 is R. Therefore 7372 is LoCy.

72 Observing the circuit through port (2), port (4) is considered in high frequency state and
ports (1) and (3) are kept in de condition, capacitor of port (2) is treated as extra element
and removed temporarily, equivalent resistance R, is R. Therefore 7477 is L1CaD 2.

TABLE 3. Determination of (1) for as.

The first two terms and last term of the Equation are zero. To calculate 73, , the circuit in Figure [11]is
observed through port (3), while ports (1) and (4) are kept in a high frequency condition. Here R, is R which
=2. Hence
R ’

results in 73, = }g‘“" =
eq

LiLyCy

1
A3 = T4TyTy1 =

(31)

FI1CURE 11. Determination of 7. FIGURE 12. Determination of 72 5.

For the determination of a4, referring to Figure 725 is determined by observing the circuit through port
(2), while ports (4), (1) and (3) are kept in high frequency condition. In such situation, R, is R and 735 is
RCs. The calculation of the term (747{ 73 72 5) results in (L; L2C1C5). Hence,

a4 = L1L20102. (32)

Using Equations , , and in Equation 7 the denominator of control to output transfer
function of complex CBC becomes,

Ly IL;D?

] / LiLC
d(S) =1+ (R + R ) s+ (Llcl + LoyCy + L1CyD 2)32 + (121

R

) s + L1L2010284. (33)

Now, the excitation applied to the port is retained as it is and additional excitation is applied to the port of
the extra element with the extra element removed. With these two excitations, the response is considered as
null. Simultaneously, the conversion ratio D? is differentiated with respect to D. Considering this differentiation
and null response condition altogether, the numerator of transfer function is determined.
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A
D L2 15(s)=0

o JN A
Ip2(s)=1Ic2d
+

Vei(s)

C1I B

F1GURE 13. Null condition at the output of complex CBC for determination of numerator.

By considering a null response at the output of complex CBC (Figure , it is observed that the presence of
ir2(s) creates the condition as represented by the equation, 2,2(s) = i.2d(s) and the resultant voltage across Cy
is,

Ve (s) = vapdwéﬁ% + Ipd [sLy]|(1/sCY)] - (34)

This voltage must be the same as that of D side of the second PWM switch. Hence,

17 Vap2
7 B

a2 g ?d(s)] D. (35)

From Equations and ,

’ SL1

D/V ——— + D Ipg———F——
ap11+82L101 + 021+S2L101

+ Vapz =0. (36)

Which yields the numerator of the control to output transfer function of complex CBC as given by,

’
~

DD 1+D
‘/2(5):14-8[41 oR +S2L101 2D .

(37)
Using Equations and , the overall transfer function of complex CBC is given by the Equation :

Ta(s) _ (1 +sLy (%) + 2L, Cy (%)) 58)
d(s) 1+s (%ﬁh) + 82[LoCo + L1Cy + L1CyD'?] + 883 (%) + s*(L1 L2 C105)

3. SIMULATION OF cOMPLEX CBC

The simulation circuit is developed; voltage and current graphs (Figure , time response (Figure and
frequency response plot (Figure are obtained for complex CBC using MATLAB simulation to study the
behaviour of CBC. The circuit parameters for the simulation are selected as: Inductors L; = 524pH, Ly =
1200 pH, capacitors C; = Co= 5pnF, output resistance Ry = 8.05ohm, switch (@) parameters: FET ON
resistance = 0.1, internal diode resistance = 0.01 €2, internal diode forward voltage = 0.7V, diode (D;, D,
Ds) parameters: resistance = 0.01Q, forward voltage = 0.8 V, switching frequency = 50 KHz.

For a duty ratio of 0.35, input voltage V; = 25V, and source current = 0.05746 A, output voltage Vo = 3V
and load current = 0.367 A was observed (Figure . Also output voltage and load currents for different duty
ratios of complex CBC are depicted in Table [dl From the transient and steady state response, it is observed
that the output voltage has settled to about 3 volts with the settling time of approximately 0.9 ms after the
application of input voltage. The system is stable (Figure , as gain margin is positive (codb) and phase
margin is also positive (450°).
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Duty ratio Output voltage [V] Load current [A]

0.3 247 0.3076
0.4 3.434 0.4266
0.5 5.44 0.6762
0.6 8.601 1.068
0.7 11.78 1.464

TABLE 4. Load current and output voltage for different duty rates.

4. RESULTS AND DISCUSSION

SSA and PWM switch modelling with EET technique for CBC (Section and are brainstormed, compared
for different features and the results are summarized in Table [5| In SSA, a linearisation of all the components
of the converter is performed, whereas in the PWM switch model method, only non-linear switching devices
are linearised and linear components remain unchanged. In SSA technique, a set of differential equations are
written which are further averaged with respect to the duty ratio function. The averaged equations are then
linearised by using principle of perturbation, Laplace transform is applied to the linear state space model of
CBC and the control to output transfer function is obtained. Unlike SSA technique, differential equations are
not required in PWM switch modelling technique. Averaging and linearisation with the help of perturbation
is accomplished using the PWM switch itself. Instead of Laplace transform, EET is applied to the linearised
model of CBC to derive the control to output transfer function.

The SSA model of CBC is a systematic procedure involving mathematics without any circuit transformation.
It involves complex mathematical transformations and a higher number of mathematical equations. In contrast,
PWM switch modelling technique with EET consists of simple mathematical transformations. However, expertise
is required for proper circuit transformations. Based on the parametric comparison (Table [5)) of two analytical
techniques, it is observed that SSA is better than the PWM with EET for a high-order circuit, due to systematic,
straightforward procedural steps. PWM with EET for a high-order circuit requires a higher number of circuit
transformations and a high expertise, which makes it time consuming and difficult.

Features SSA technique PWDM switch modelling with EET
Analysis approach Mathematical Mainly circuit oriented

Structure of analysis Systematic Less systematic

Equivalent diagram Not required Required

Circuit transformation Not required Required

Number of mathematical transforma- More Less

tions

Number of mathematical equations More Less

Complexity of mathematical transfor- High Low

mations

Expertise required Mathematical Identification of PWM switch, changing

the port sequences in case of indetermi-
nacy and application of EET

Identification of PWM switch Not required Required
Extra Element Theorem Not applicable Applicable
Form of transfer function Low entropy Low entropy
The complexity of the modelling process Low High

Steady state analysis Yes Yes
Transient state analysis Yes Yes

TABLE 5. Results of comparative evaluation of the modelling techniques.

5. CONCLUSION

This paper presents a comparative study of two modelling techniques commonly used for modelling of DC-DC
converters, which is first in its kind. The transfer functions of a complex CBC converter were developed using
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state space averaging and PWM switch modelling with an extra element theorem and the simulation results
were obtained. The state space modelling approach is purely mathematical and systematic. However, it involves
complex mathematics for high-order circuits. The PWM switch modelling approach is mainly circuit oriented
approach, which involves relatively simple mathematical transformations. However, circuit transformations
become complex for a high-order circuit. A number of complex circuit transformations and identification of the
PWM switch, changing the port sequences in the case of indeterminacy and application of EET make the PWM
switch modelling approach a complex one as compared to the state space averaging approach.
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