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Abstract

This paper follows on from the first paper, Part I, where a general formula-
tion of a describing function approach to frequency response determination
of switched linear networks, such as PWM converters, was simplified and
updated. The models assume a piecewise linear state space equation descrip-
tion of the system and results in a closed form solution for the sought after
frequency response. In Part I, model derivation was demonstrated for the case
of PWM converters operating in the continuous conduction mode (CCM).
This operating mode does not feature any state dependent switching times. In
this paper, Part II, frequency response models for any transfer function for
PWM converters operating in discontinuous conduction mode (DCM) are
derived based on the theory presented in Part I. This operating model fea-
tures state dependent switching times. The describing function models de-
veloped are exact and therefore, in terms of accuracy, are to be preferred over
averaged models which are widely used. The example of a boost dc-to-dc
converter operating in DCM is simulated to obtain the control to output and
input to output frequency responses and are compared with the models de-
rived here. Excellent agreement between the simulated and model responses
was found. Matlab code implementing the analytical models is also presented
which the user can adapt for any other PWM converter topology. The models
derived here may be used as a basis from which simplified models may be de-
rived while still preserving required accuracy.
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1. Introduction

DC-to-DC power converters are an important class of linear, switched networks.
They enable high efficiency power processing. Invariably these systems use neg-
ative feedback to achieve precise control of the output voltage in the face of vari-
ations of the input voltage and/or output current. Consequently in the control
design process, various system frequency responses need to be examined. In par-
ticular, the loop gain from which gain and phase margins can be determined so
that relative stability can be quantified. Typically averaged models have been
used for this purpose. However, these can be inaccurate, notably at high fre-
quencies. This motives the use of a describing function method.

In the prior paper, Part I, the general theory of using a describing function to
obtain frequency responses of switched networks was simplified and updated
from earlier work presented in [1] [2] [3]. Furthermore the describing function
models for PWM operating in continuous conduction mode (CCM) were de-
rived. They were also validated using a commercial simulator. In CCM mode,
PWM converters are networks operating cyclically at a high frequency where
switching times are either constant or controlled directly by the external control
signal.

The work in this paper, Part II, continues by deriving the describing function
models of converters operating in discontinuous conduction mode (DCM). This
operating mode introduces state dependent switching times, thus complicating
the analysis somewhat. Nevertheless, exact small signal models are derived
which enable control to output and input source to output frequency responses
to be obtained. These two categories of transfer functions enable the determina-
tion of any frequency response in the system.

The small signal modeling of converters operating under DCM has progres-
sively evolved over the years. An excellent, comprehensive review of the devel-
oped techniques of the past two decades has been presented in [4]. There it is
seen that methods involving state space averaging, or alternatively, circuit aver-
aging, result in the most accurate results. However, one technique is not seen, in
general, to be superior to the other. Consequently, a selection strategy was pro-
posed to determine which model to use based on certain operating conditions.
In contrast, frequency responses derived from describing functions are exact
thus motivating their use.

The structure of the paper is as follow. In the next section, a summary of the
general results obtained in Part I is given. These results are the general formulas
needed to derive the describing function models. In the following section (Sec-
tion 3), using these formulas the control to output and input to output transfer
functions are derived. Subsequently, in Section 4, the example of a boost con-
verter is used to demonstration the accuracy of the results obtained. Finally, the

conclusion sums up the contributions of the paper.

2. Steady State and AC Small Signal State Space Models

In this section, we will summarize the basic equations developed in Part I which
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will be used to derive the transfer functions for the discontinuous conduction
case.
We start with the set of N linear time invariant (LTI) state equations of the

form:

x(t)=Ax(t)+Bu(r) (1a)
y(t)=C'x(t)+ Eu(r) (1b)

for 1, <t<t,,,ie(1,2,--,N,). These equations provide a description of the
system for the ith subinterval during the period 7,. For the case of DCM,
N, =3. The output of the system is denoted as y(r), the input, u(z) and the
state, x (7). The state consists of the kinductor currents and / capacitor voltages

of the converter and is given by:

i(0] [4(0)+i0)

P ROIRIAOEAD o

)] [n 00

As seen above, each state variable can be decomposed into a steady state value

denoted by the capitalized variable and an ac small signal component denoted by
a caret (). The input, u(¢), is any independent source. For the purposes of this
paper and without loss of generality, the input voltage, v, (), is the only input
considered here, thus making u () a scalar:

u(t)=U+i(t)=v, (t)=V, +7,(t) (3)

Matrices 4,, B,, C] and E, are constant containing component values

of the converter. All perturbation signals take the following form:
d()=d o
ﬁ(t)zﬁpe'j’”’ (4)
P(1)=F e

A

where @ is the frequency of excitation and d,, # , and 7, are the peak
magnitudes of the perturbations. The following holds for a small signal state

vector in large signal steady state in the presence of exponential perturbations:

A

2(1)e’" =%(¢t+nT,) (5)

for all positive n, which relates %(z) to %(¢+nT,) forall &
Summarizing from Part I, for the /th subinterval, where ie (1,2,- -, N, ) :

Steady State Large Signal Difference Equation:
X(Z+|):®fX(7—;)+\PfU (6)
AC Small Signal Difference Equation:
#(T.) = ®(T)+ i+ Ba(T) %

i+1
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where
_ odi(T-T)
D, =c

¥, =4"[® -1]B

X =Jjol—A4
ﬂ' _ e*./w(TiH’n)q)‘ (8)
m=x (I-5)
&=(4-4,)X(T.,)+(B-B,)U
#(6)= X(T)E +2(T)=[4X (1) + BU i, +£(T)) ©)
The frequency response of interest is denoted by H, (jw) and is given by
_1 N, )
H, (jo)=—=3 e [Clna(T)+e g+ pa(T)]  (10)
NT, = =
where
¢ = (CiT _C;ZI)X(];H)-}_(Ei — B )U

(11)
P = CiTliil [(ﬂn _7; )[ _771':|Bi +Ei (];+1 _7:)

Use of (10) together with (6), (7) and (8) allows one to determine the closed

form expressions for the control to output and also the input to output frequen-

cy responses. These will be derived for PWM converters operating in DCM in

the next section.

3. Transfer Functions

The transfer functions of interest will be derived for (voltage mode, VM) PWM
DCM converters and applied to the boost converter shown in Figure 1. As seen
in Figure 1, the control signal r(z) is externally supplied.

It is compared to a sawtooth signal in order to generate a square wave to con-
trol the converter switches, Q and 2, and regulate the switching between topolo-
gies. A voltage mode converter has its sawtooth signal externally supplied rather
than being generated from some output of the system. One may define the start

of the switching period 7, as the lowest value of the sawtooth signal. This will

input L ; pip output

S - -
+ + VL — Q (1o} +
vg Q C—|— RZEE Vout

control

Sr(t)
Comparator

Figure 1. A voltage mode boost converter. The control signal A(# is compared to an

externally supplied sawtooth signal of amplitude V,, and switching period 7, to create a
square wave with a duty ratio dthat regulates the switching between topologies.
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be called Model 1. Alternatively, one can instead define the start of the 7, in-
terval to be the switching event controlled by 7 (7). This will be called Model 2.
Model derivation using Model 2 is considerably more convenient and thus the
derivations will take place initially in Model 2, and then the subscripts of the re-
sults rotated appropriately so that they apply to Model 1. Figure 2 shows very
generally how Model 1 and Model 2 are related.

A

In Part I, we derived the exact transfer functions of and for a vol-

vout Vout
7 u
tage mode converter in CCM, now these will be derived under DCM operation.
A power converter operates in DCM when the current through the switching
diode i, () goes to zero, creating a third topology where both switches are

turned off. While DCM is generally avoided as it makes v

out

(t) dependent on
the load resistance R,, a large R,, ie. a light load, can force a converter into
DCM. However, DCM can also have desireable frequency response damping ef-
fects. For N, =3, the switching period 7, is split into three subintervals of
steady state lengths D\T,, D,T,, and D,T,. The effective topologies of the
boost power stage during the three subintervals are shown in Figure 3.

In steady state we have:
X(t)=X(t+nT)) (12)

for any nonnegative integer n. For N_=3, (6) becomes:

T TNs-H
p T, ’
T T T Model 1
t “Att “ e
2 i; |" 7+1|‘_ o
ftl" “ 2t|" ‘ .‘ Hll‘_
{ ) 9 L+l
Model 2 T T T -
) T, ’
Tl r’Verl

Figure 2. A general switching period 7, described under Model 1 and Model 2. Under
Model 1 the start and end of 7, is defined by the switching period of the sawtooth signal,
thus 7 =7, ., =0, and the switching event ¢, is controlled by r{#). Under Model 2, the

N+l

start and end of 7, is the switching event determined by (?).

mﬁ o v‘}% i

(l

+ 7L E +
v, m Rl Vout
(c)

Figure 3. The effective topologies of a voltage mode boost converter in DCM assuming

)

ideal switches. (a) is the effective topology during the first subinterval of steady state
length D, T, where Q is on and Pis off. (b) is the effective topology during the second
subinterval of steady state length D,7, where Q is off and P is on. (c) is the effective
topology during the third subinterval of steady state length D, 7, where both Q and Pare
off.
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X(I)=0,X(T))+¥Y .U (13a)
X(I,)=2,X(T,)+¥Y,U (13b)
X(T,)=2.X (T,)+ YU (13¢)

From (12) we see that X (7,)=X(7;) in large signal steady state for N, =3,
(13a) can be substituted into (13b) which can then be substituted into (13c).
X (T;) can then be solved for:

X(Tl) = (I - 0,0,0, )71 ((1)3q)2\111 +O,%, + LP;)U (14)

Equation (14) can then be substituted into (13b) and (13c) to obtain expres-
sions for X (7,) and X (7;) respectively.

The switching period is described by Figure 4 for both Model 1 and Model 2,
the latter of which will be used for the following derivations. Considering Model
2, the switching time ¢, is the time when:

4
Var
r
RIF——= -
%m\fﬁoo&h /
0 L= — —t
(')‘—DLTS =D2T5= D3Ts ILS DlTS_’|
f les } dZTq IdTi d4T§_’|
(a)
V
Vop
- L e
0 les‘ d4Ts n
(';_DlTS IDQTJ DJTQ II-;. Dch_"
f les’ } dZTs‘ =d$7"I d4Ts_>|
(b)
I R
214 s
—
0 —2DT. ' f—D3 T~ D T—Jt
0 14s IDQTsI 3Ls 7'15 14s
[ T redy Tt e—dy T
(¢)
T, T Ty
T;tz Ty 4, Model 1
e
7 F l—
=7, i
Model 2 | 111y P2 Ty b
“ T,
T Ty
(d)

Figure 4. Switching period 7, for a VM converter in DCM, described for both Model 1
and Model 2. (a) shows the sawtooth voltage of period 7 being compared to the control

signal r(t) to produce the square wave of (b). (c) shows the diode current ip(t)

reaching zero and creating a third topology. (d) illustrates how the times are denoted
under Model 1 and Model 2.
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ip(t,)=0 (15)
Defining a vector %' such that:
h'x(t)=i, (1) (16)
allows (15) to be expressed as:
h'x(1,)=0 (17)
Dropping the DC component of x(z,):
hTi(t2)=0 (18)
Substituting in (9) and solving for 1,:
by =—mh' (1)~ mh'nBi(T,) (19)
where
m=— 20)
hy

The switching time ¢, is determined by the switching period of the sawtooth
signal and is not sensitive to variations in r(¢) or u(t), therefore 7, =0.
Finding an expression for 7, follows the same procedure as finding 7, for a

voltage mode converter in CCM:

~ T7r(T, R
ly= S};/( ) =i (T,) (21)
M
where
T
=3 22
H v, (22)

Having obtained an expression for 7,, %(7;) will be found next. Using (7)

and substituting in (19), an expression for %(7,) is found:
(L)=T@%(T)+T,7,Bu(T,) (23)
where
T, =1-&uh" (24)
Using (7) again and substituting in (23) results in the following expression for
H(T):
(7)) =0,1®,%(T;)+ D,y Bui(T,)+1,B,i (Ty) (25)
Using (7) once more and substituting in (25) gives an expression for )2(]1) :
2(T,) = ©,0,00,%(T ) + & (T, ) + ©,@,T 1, B (T,

. . (26)
+®@,1,B,u (Ts ) +113B5u (7:1 )

Expressing all of the signals in their exponential form as in (4) and substitut-
ing in (5) for %(7,):

2(1)e™" =0,@,I,0,5(T)+&, y3fpej“’T4 +¢)3(D21"]77,B,12pej“’T2 o)

A JoTy ~ o joTy
+ CD3nszupe + 773B3upe

DOI: 10.4236/jpee.2021.95003 54 Journal of Power and Energy Engineering


https://doi.org/10.4236/jpee.2021.95003

J. Simmons, R. Tymerski

Solving for %(7}):
x(0)=(1-BLT\5 )71 {§3ﬂ3f(71)+[ﬁ3 (BTmB, +77232)+77333:|ﬁ(T1 )} (28)

Substituting (21), (23), (25), and (28) into (10) is the final step. Expanding (10)
for N, =3 gives:

(o) = [ CInF(T) " G 4, 1l (T)
+ i, + Cinx(Ty)e /™ + ¢, e/ +p312p]
Substituting in (19), (21), (23), and (25):
H, (jo) =%({C1Tn. +[(CIn + CIn )Ty = G ) 21
+ ot +{[(Clns + CIny BTy =& ™ [y (30)
+Cinm,B, + p, + p, +p3}ftp)
Finally substituting in (28):
Ha (o) =2 ({cim +[(cin s Cin)r -G ] )
x(I-BALA) &t +Eon )7,
{Cln+[(CIny+Clno )T =™ |
BALB) " [ B (BT B +1,B,)+1,B, |

( (31)
|: 21, +Cs U;ﬁz)T —Cityh :| B,
+ G, By +py+ s +p3)12p}

Rotating the subscripts of (31) to Model 1 involves replacing subscripts 1 with
2, 2 with 3, and 3 with 1. The final result is:

H, (]w) T |:({C;r772 |:(C3T773 +C1Tﬂlﬂ3)rz _gzﬂthJﬂz}
<(1=BATBY G+,

+({ctn+[(cim + cln )Ty -t | B -
(1= BB [ B (BT.m,B, +n,By)+n,B, |
+[(Cln+Cln B )Ty = Copuh™ |0,
+C1T771773B +p1+p2+p3) }
where
=L
| VMl (33)
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Extracting the transfer functions from (32) is accomplished by setting the ap-
propriate input to one and the others to zero. The control-to-output transfer

function

—2 is then found by setting 7, =1 and setting 4, =0:
r

‘:‘Ul.l 1

Tt = V—({CzTﬂz +|:(C3T773 +C1T771ﬁ3)F2 _(;z:uth]ﬁz}
M

X(I_ﬂ1ﬂ3r2ﬁz )71 g +¢1)

(34)

The input-to-output transfer function Vf—”’ is found by setting 7, =0 and

i,=1: Ve
Y 1
5_: = FS({CzTUz +|:(C3T’73 +C'm, By )rz _gzﬂthJﬂz}
X(I =B85, )71 [181 (ﬂ3rz77232 +773Bs)+77131:| (35)

+[(Cm+CTmB )Ty =G B+ Clnm B+ py+ s + )

Given its complexity, let us now consider the solution given by Equation (35).
It is the result of application of the Fourier transform to output deviations from
the steady state due to direct variations in the input voltage source, L}(: ﬁg),
which indirectly cause variations in the state dependent switching times, 7.
This is expressed mathematically in Equation (10). As there are three subinter-
vals per switching period, we see three sets of terms appearing in the final solu-
tion pertaining to each of these subintervals. The small signal sampled data
model inherent in the modeling technique determines the initial small signal
state perturbation levels at the beginning of each subinterval and an equivalent
hold is determined which constructs the state evolution to the end of the subin-

terval.

4. Example

A PWM boost converter with the following parameters is used to compare the

frequency responses obtained using the PSIM simulator and the derived models.

T.=10ps, (f, =100kHz)

V,=15V
D =025 (36)
L=58uH
C=55uF
R =150Q

This is the same converter used in Part I except the value of the load resistance
has been raised so it now operates in DCM. The “AC Sweep” functionality in
PSIM is used to obtain the frequency responses from this simulator. This func-
tion feeds in a sinusoidal signal at a desired frequency and measures a filtered
version of the output to determine the magnitude and phase response at the said
frequency [5]. As such this mimics the functionality of a gain-phase analyzer

used in the lab. This is to be contrasted where other simulators basically numer-
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ically indirectly determine the frequency response rather than from measure-
ments [6].

The PSIM circuit schematic used to obtain the control to output response is
shown in Figure 5. The 100 kHz triangular waveform at the negative input of
the comparator has a peak-to-peak amplitude of 1 V. At the positive input of the
comparator a 0.25 V DC voltage is added to the small amplitude perturbation
source, Vsweep. This establishes a steady state duty ratio of 0.25. The amplitude
of the perturbation source needed to be adjusted to be small enough to not
overdrive the converter, which yields inaccurate results, yet needs to be large
enough to provide a measurable output signal at high frequency. Starting and
ending amplitude values of 0.02 V were used. The frequency sweep range was
from 100 Hz to 45 kHz (which is slightly less than half the switching frequency).

The magnitude and phase responses for the control-to-output function are
shown in Figure 6 and Figure 7, respectively. The model is given by Equation
(34). In each figure there are two plots drawn. The first plot shows the model
response which is drawn in blue, subsequently the response obtained from PSIM
is overlaid in red. The match is so close such that the red completely overwrites
the previous plotted curve.

The complete Matlab code used to run the models and produce the plots is
shown as four functions in the Appendix. The main code that implements the
mathematical models for the control-to-output and input-to-output responses,
that is, implements Equations (34) and (35), is given in Figure Al. Code deter-
mining steady state conditions is shown in Figure A2. Converter state matrices
are loaded via the function shown in Figure A3. The main script that calls these
functions and plots the frequency responses is given in Figure A4.

The PSIM schematic used to obtain the input voltage to output voltage re-
sponse is shown in Figure 8. The perturbation source, Vsweep, is now in series
with the input voltage. A starting value of 0.05 V and ending amplitude value of
0.3 V were used for the Vsweep perturbation signal. The magnitude and phase
responses for the control-to-output function are shown in Figure 9 and Figure

10, respectively. The model is given by Equation (35). Again the agreement

15

',

AC
100k Sweep)
Vsweep
szee 10

Pl 45k

Figure 5. PSIM schematic used to obtain the control-to-output frequency response for
the boost converter operating in DCM.
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—_ [\) [\8) W
w (=} W (=)
y,
/.f

—_
(=}
T

s

5 . . .
10! 10? 10° 10 10°
Frequency (Hz)

Figure 6. The magnitude response for the control to output transfer function of the boost
converter operating in DCM. Model magnitude plot is in blue and the PSIM obtained
magnitude plot is in red. We see excellent agreement such that only the red plot is mostly
visible, since it is the second plot to be drawn.

0 — - - -
-50 -
~~ \
& A\
=
Q
3
=
Ay
-100 ¢
-150 : : :
10! 10? 10 104 10°
Frequency (Hz.)

Figure 7. The phase response for the control to output transfer function of the boost
converter operating in DCM. Model phase plot is in blue and the PSIM obtained phase
plot is in red. We see excellent agreement such that only the red plot is mostly visible.

150

AC

SWee|

Vswee
10 P
45k

Figure 8. PSIM schematic used to obtain the input-to-output frequency response for the
boost converter operating in DCM.
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Magnitude (dB)
I
¥

35 . . . ,
10 10% 10 10* 10°
Frequency (Hz)

Figure 9. The magnitude response for the input to output transfer function of the boost
converter operating in DCM. Model magnitude plot is in blue and the PSIM obtained
magnitude plot is in red. We see excellent agreement such that only the red plot is mostly
visible.

Phase (deg.)

)
(=]
/

—
=)
S

-120+

-140 : : '
10! 10? 10° 10* 10°
Frequency (Hz.)

Figure 10. The phase response for the input to output transfer function of the boost
converter operating in DCM. Model phase plot is in blue and the PSIM obtained phase
plot is in red. We see excellent agreement such that only the red plot is mostly visible.

between the derived model, i.e. the describing function model, and the simulated

result is excellent. These results validate the derived models.

5. Conclusions

An updated, simpified describing function technique used to determine fre-
quency responses of switched linear networks has been summarized and dem-
onstrated for PWM dc-to-dc converters operating in DCM. The general expres-
sions for the control to output voltage and input source voltage to output voltage
frequency responses were determined. To confirm accuracy these were then spe-
cifically applied to a PWM boost converter. Subsequently, comparison with res-

ponses obtained by simulation using a commercial simulator showed that excel-
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lent match was achieved for the considered frequency range up to almost half
the switching frequency.

Inherent in dealing with the DCM mode of operation is the complication of
state dependent switching times. The method by which these are handled has
now been demonstrated.

The describing function models derived are exact in the small signal sense
and, as such, are superior in terms of accuracy when compared with average
models that are commonly used. It is envisaged that the models derived here can

be used in the future to derive simplified, yet accurate, circuit models.
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Appendix

The appendix shows the Matlab code of the four functions used to determine

and plot the frequency responses of the PWM boost converter example.

% exact dcm.m
function [co,io]=
exact_decm(al,a2,a3,bl,b2,b3,cl,c2,c3,el,e2,e3,ht,vg,d, ts,w)

I=eye(size(al));
dp=fzero(@(x)dp_interval(x,al,bl,aZ,bZ,a3,b3,ts,d,vg,ht),(1-d)/2);
tl = d*ts;

t2 = dp*ts;

t3 = (1-d-dp) *ts;

[phil,psil]=c2d(al,bl,tl);

[phi2,psi2]=c2d(a2,b2,t2);

[phi3,psi3]=c2d(a3,b3,t3);
x2=(I-phil*phi3*phi2) \ (phil*phi3*psi2+phil*psi3+psil) *vg;
x3=phi2*x2+psi2*vg;

xil=(al-a2) *x2+ (bl-b2) *vg;

xi2=(a2-a3) *x3+ (b2-b3) *vg;

zetal=(cl-c2) *x2+ (el-e2) *vg;

zeta2=(c2-c3) *x3+ (e2-e3) *vg;

gamma2=a2*x3+b2*vg;

mu2=1/ (ht*gamma2) ;

Gamma2=I-xi2*ht*mu2;

for n=1:length (w)
betal=exp (-1i*w(n)*tl) *phil;
beta2=exp (-1li*w(n) *t2) *phi2;
beta3=exp (-1li*w(n) *t3) *phi3;
chil=(1i*w(n)*I-al) ;
chi2=(1i*w(n) *I-a2) ;
chi3=(1i*w(n) *I-a3) ;
etal=chil\ (I-betal) ;
eta2=chi2\ (I-beta2) ;
eta3=chi3\ (I-beta3);
col=c2*eta2-zeta2*ht*mu2*beta2;
co2=c3*eta3*Gamma2*beta2+cl*etal*beta3d*Gamma2*beta2;
co3=(I-betal*beta3*Gamma2*beta2) \xil;
co (n)=(col+co2) *co3+zetal;

rhol=cl* (chil\ (tl*I-etal)) *bl+el*tl;
rho2=c2* (chi2\ (t2*I-eta2)) *b2+e2*t2;
rho3=c3* (chi3\ (t3*I-eta3)) *b3+e3*t3;
iol=cl*etal*beta3*Gamma2*beta2+c2*eta2;
io2=c3*eta3*Gamma2*beta2-zeta2*ht*mu2*beta2;
io3=I-betal*beta3*Gamma2*beta2;
io4=etal*bl+betal*betal3*Gamma2*eta2*b2+betal*eta3*b3;
iob=cl*etal*beta3*Gamma2*eta2*b2+cl*etal*eta3*b3;
io6é=c3*eta3*Gamma2*eta2*b2-zeta2*ht*mu2*eta2*b2;
io(n)=(1/ts) *((iol+io2) * (io3\io4)+io5+io6+rhol+rho2+rho3) ;
end

Figure A1. Matlab function: exact_dcm.m. Given the state matrices and other parameters, the
control to output and input to output transfer functions are determined.

% dp_interval.m

function htx=dp interval(dp,al,bl,a2,b2,a3,b3,ts,d,vg,ht)
I=eye(size(al));

[phil,psil]=c2d(al,bl,d*ts);
[phi2,psi2]=c2d (a2 ,b2,dp*ts) ;
[Phi3,psi3]=c2d(a3,b3, (1-d-dp) *ts) ;
x1=(I-phi3*phi2*phil) \ (phi3*phi2*psil+phi3*psi2+psi3) *vg;
x3=phi2*phil*x1+ (phi2*psil+psi2) *vg;

htx=ht*x3;

Figure A2. Matlab function: dp_interval.m. This function determines the steady state
switching times and calculates the matrices that are dependent on the switching times.
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% loadDCM.m
1f=58e-6;cf=5.5e-6,;r=150;vg=15;d=0.25;ts=1/100e3;
al=[0 0;0 -1/ (x*cf)];

a2=[0 -1/1f;1/cf -1/ (x*cf)];
a3=[0 0;0 -1/ (r*cf)];
bl=[1/1£; 0];

b2=[1/1£f; 0];

b3=[0; 0];

cl=[0 1];

c2=[0 1];

c3=[0 1];

el=0;

e2=0;

e3=0;

ht=[1 0];

Figure A3. Matlab function: loadDCM.m. This function produces the state matrices for
the boost converter.

% Boost DCM.m
clear
close all

loadDCM % boost converter

k=1000;
f=logspace (1,10g10 (45000) ,k) ;
w=2*pi*f;

[co,iol= ...
exact_dcm(al,a2,a3,bl,b2,b3,cl,c2,c3,el,e2,e3,ht,vg,d, ts,w);

comag=20*1ogl0 (abs (co)) ;
cophase=180/pi*angle (co) ;
iomag=20*1logl0 (abs (io)) ;
jophase=180/pi*angle (io) ;

load bst _dem co.txt % results from PSIM
load bst dem _io.txt & results from PSIM

figure (1)

semilogx (f, comag)

hold on

semilogx (bst_dem co(:,1), bst_dcm co(:,2))
hold off

xlabel ('Frequency (Hz.)')

ylabel ('Magnitude (dB.)')

figure (2)

semilogx (f,cophase)

hold on

semilogx(bst_dcm_co(:,l), bst_dcm_co(:,BH
hold off

xlabel ('Frequency (Hz.)')

ylabel ('Phase (deg.)')

figure(3)

semilogx (£, iomag)

hold on

semilogx (bst dem io(:,1), bst_dem io(:,2))
hold off

xlabel ('Frequency (Hz.)')

ylabel ('Magnitude (dB.)')

figure (4)

semilogx (f,iophase)

hold on

semilogx(bst_dcm_io(:,l), bst_dcm_io(:,BH
hold off

xlabel ('Frequency (Hz.)')

ylabel (' Phase (deg.)')

Figure A4. Matlab script: boost DCM.m. This is the main program which calls the
previous functions and plots the frequency responses.
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