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This paper proposes a fast and robust nonlinear deadbeat control for boost DC-DC converters. First, the nonlinear
state equation is derived, and second a nonlinear current reference deadbeat control is proposed. Third, a new nonlin-
ear controller to implement the load disturbance compensation is proposed. After the simulations and verification by
experiments, it was confirmed that under the conditions of an input voltage of 12V, an output voltage of 20V, a load
resistance of 4 Q and a sampling frequency of 100 kHz, the voltage command tracking capability of a settling time of
280 us was achieved, and an output voltage recovery time of 1.46 ms was achieved for a sudden load change.
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1. Introduction

The performance of DC-DC converters may be evaluated
by two kinds of performance index: (1) the command voltage
tracking capability and (2) robustness to the disturbances .
Among several DC-DC converters, the boost type has an un-
stable zero in the plant, thus it is said to have difficulties in
higher performance. Based on the literature survey on boost
type converters, Shirazi et al.” proposed an online tuning
control based on the system-identification algorithm called
PRBS (pseudo random binary sequence) perturbation ®. Af-
ter the plant parameters are identified online, a digital PID
controller regulates the output voltage. It was reported that
under the conditions of the input voltage 15V, output voltage
30V load resistor 100 €, and sampling frequency 195 kHz,
the voltage command tracking capability is 800 us settling
time and the output voltage recovery time is 0.6 ms after
load change. Another literature Tong et al. ® reported sensor-
less predictive peak current control, in which a minor current
deadbeat controller is employed based on the state space av-
erage model using the estimated current and the digital PID
control regulated the output voltage. It was reported that un-
der 5V input voltage, output voltage 15V, 10Q load resis-
tor and 100 kHz sampling frequency, the input voltage was
abruptly changed from 5V to 6 V and the output voltage dip
recovered within 0.18 ms. However the output voltage track-
ing command capability was not mentioned at all and the re-
lated references “~© indicated a few ms settling time for the
voltage command. Other literatures will be summarized in
the Section 4. However it seems that these two literatures
have the best records at this moment.

Reference ” proposed nonlinear deadbeat current control
for a buck converter and resulted into faster and robust dy-
namics. Authors propose a new discrete time domain non-
linear state equation and nonlinear deadbeat control for a
boost converter with a current minor loop. The load current
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Fig.1. Boost converter equivalent circuit

observer is also implemented aiming the disturbance robust-
ness based on this modeling. As a result under the conditions
of input voltage 12V, output voltage 20V, the load resistor
4Q and 100 kHz sampling frequency, the voltage command
tracking capability of 280 us settling time was confirmed, and
also 1.46 ms output voltage recovery time was experimentally
achieved for a sudden load change. These data seem among
the best even though the proposed control is based on nonlin-
ear equations.

In Section 2 of this paper the control scheme of nonlinear
deadbeat control is described and consequent several kinds of
control law are proposed, and the Section 3 shows the sim-
ulations and the experiments. The features of this proposed
control are discussed with comparison of other literatures in
the Section 4, and the Section 5 concludes this paper. Several
mathematical calculations are summarized in Appendix.

2. Theory of Nonlinear Deadbeat Control for
Boost Converter

This section presents the theoretical framework of the non-
linear deadbeat control for the boost converter. The nonlin-
ear state equation is first derived,® and second a nonlinear
current reference deadbeat control ” is proposed. Third, the
load disturbance compensation is implemented, and as a fi-
nal result, a new nonlinear controller is proposed as shown in
Fig.4.

2.1 Basic Definitions for Digital Control Figure 1
shows the equivalent circuit of a boost converter. Input volt-
age is E, inductance is L, current through inductor is iz (¢),
and inductor leakage resistance is . The output capacitor is
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Fig.2. Deadbeat control waveforms: black — actual waveform, red — sampled waveform

C, output load resistor is R and output voltage is vp(f). The
load disturbance is represented by the current source i,(f) at-
tached at the output. The load R and disturbance i;(f) have
been differentiated to simplify the derivation of the nonlin-
ear deadbeat control law, discussed later. The total output
load current is represented by i4(#) and is made up of cur-
rent through R, C and iy(¢). The ¢ in the brackets symbolizes
continuous time index.

The derivation is done according to the waveforms pre-
sented in Fig.2. The AT|[k] and AT,[k] are ON and OFF
times of the switch respectively. The sampling period is given
as Ty = AT\[k] + AT,[k]. The pulse width duration AT,[k]
is placed at the center of the sampling period. The k in the
square brackets symbolizes the discrete time index. Voltage
and current sampled signals are presented by the red curves.

2.2 Sampled Data Nonlinear Model The derivation
of sampled data nonlinear model of the boost converter was
summarized in Appendix 1,® and the derived sampled data
nonlinear equations are shown in (1) and (2) considering the
case of continuous conduction mode (CCM).

T, 1. Iy
volk + 1] = 1 - == volk] + EIL[k]ATz[k] - Eld[k]

RC
.................... (1)
1 T
QM+H=1—%RQW—z%WMﬂH+TE
.................... 2)

Where vplk], i [k], and i,z[k] represent output voltage, in-
ductor current, and disturbance current at instant k. The
equations are nonlinear especially i, [k]AT,[k] in (1) and
volk]AT,[k] in (2) show very strong bilinear characteristics.
However, due to use of the digital control the nonlinear dead-
beat control is proposed in the next Section.

2.3 Nonlinear Current Reference Deadbeat Control
for Boost Converter In the previous study ©® the volt-
age equation (1) was used to develop the nonlinear deadbeat
controller. But it suffered from the fact that the duty ratio sat-
urated for high gain parameters and the output voltage was
oscillatory, as a result a very slow response was realized. Due
to the nonminimum phase nature of boost converter, a sudden
change of duty ratio causes an inverse response, and this also
has influence to this slow response. The saturation of the
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duty ratio is mainly due to the large current in the switching
device. Thus the inductance current is directly controlled by
a new approach “current reference deadbeat control””. In
this paper this concept is modified for boost converter. Using
(2) and changing the i; [k + 1] to reference current /.. [k + 1],
the new control law “current reference nonlinear deadbeat”
law is proposed in (3).

1=2T, i [k]=Leslk + 1]+£T,
Tvolk]

The feature of this control is how to determine one sampling
ahead current reference /,.¢[k + 1], the selection of which is
very important because this value enables the very quick re-
sponse under the current limit of the switching device.

The current reference ? is decided as shown in (4).

AT, [k]=

Iref[k +1]=A vref[k + 1] —volk]l + Iraelk]-----

The first term is based on the output voltage error which is
the difference of the voltage reference v,.¢[k + 1] at the time
k + 1 and the actual output voltage vp[k] at time k and this
term regulates the output voltage. The second term Iy ,,.[k] is
a steady state inductance current at time k. These two terms
will be discussed in the next sections.

2.3.1 Selection of A in (4) The energy at the capaci-
tor C in Fig. 1 should be increased when the voltage changes
from vg[k] to v,.¢[k + 1], and this energy increase should be
supplied from the stored energy at inductor L. Thus, follow-
ing equation may be approximately assumed.

1 5, AT>[k] 1 2
ELIWf[k+1] T, ~ EC Vreflk+1]=volk] ---- (5)
Solving this for I,.¢[k + 1] yields,
Loflk+ 1] ~ g — erlk + 11— volk]
ref ~ L ATz[k] ref 0 .
.................... (6)
Comparing (4) and (6), A may be given as in (7).
C T,
A~ e 7
L AT[k] @)
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Fig. 3.

The actual selection of A is done by trial and error during the
simulation and experiment because this explanation is based
on very rough assumption. However, (7) gives a range of
selection of A.

2.3.2 Selection of I 5,(S) in (4) The derivation of
transfer function of output voltage v (s) and inductor current
ir(s) based on the state space averaging method is summa-
rized in Appendix 2. The derived plant model is shown in
Fig. 3, which has two kinds of blocks, (1) discrete time do-
main block, and (2) continuous time domain block. In the
time domain block, assuming the disturbance i (s) = 0, then
the averaging output current i4(s) is obtained as an inverse
system of the plant, as follows:

sR,C, + 1
R,

is(s) =

This estimated output i4(s) has a derivative component, and
should be low pass filtered as follows.

ia(s) =

Then the inductance average current Iy ,,.(s) is proportional to
T;/AT,(s), but AT,(s) has high frequency components, thus
it should go through LPF as follows,

Wc

I ae(s) =

S+ wce ATz(s)

This is a kind of nonlinear filter as shown in Fig. 3, and this
is one of unique features of this control law. The selection
wo and wc is as follows. wy is the cut-off frequency of the
load current smoothing effect, thus it should be a little lower
than the LC filter. w¢ is the cut-off frequency of the duty cy-
cle averaging, thus it should be selected based on the switch-
ing frequency and the disturbance rejection as discussed later.
Actual digital realization of (10) is done by Tustin transfor-
mation as summarized in Appendix 3.
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Proposed nonlinear deadbeat control block diagram including disturbance observer

2.3.3 Suppression of Disturbance When a sudden
change of load happens, the output voltage drops for a while
and the output voltage recovers to the reference voltage de-
pending on the voltage regulator control. This period is de-
fined as a recovery time and for shortening this time, a new
disturbance observer is proposed. In Section 2.3.2 the aver-
age load current was estimated, however, a disturbance cur-
rent has higher frequency components and can be estimated
by a disturbance observer and feed forward the estimated cur-
rent to the second term in (4). The plant model is again based
on the state space averaging model as shown in Appendix 2,
thus the block in Fig. 3 is applicable. The estimated distur-
bance 74(s) becomes,

AT ()
T

SR, C, +1

Wobs
S+ Wops

Ta(s) = in(s) — vo(s) -

In above computation R, and C,, are nominal parameters and
they are usually a little different from the plant parameters
shown in Fig. 3. This signal is added to the fA(s) in (9) and it
becomes,

14(5) = ——2—ia(s) + ().

Wo
This new ?A(s) should be low pass filtered by (10). The de-
rived disturbance suppression is shown in Fig. 3.

2.3.4 Overall Control Block Diagram and Free Pa-
rameters The derived overall control law is summarized
in Fig. 3, in which digital control and analogue control are
drawn together, however, analogue control is actually re-
alized digitally by Tustin transformation as shown in Ap-
pendix 3. The left hand upper block is the nonlinear dead-
beat part, and the left hand lower block is responded to the
disturbance observer, and the right hand block is the plant.

There are several free parameters in Fig. 3, which are (1)
load current observer cut-off frequency wg, (2) boost con-
verter switching frequency smoothing filter frequency we,

IEEJ Journal 1A, Vol.6, No.5, 2017
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and (3) disturbance observer cut-off frequency w,,s. The

I,c¢[k + 1] gain A is also a little changeable.
3. Simulations and Experiments

This section presents the simulations and experiments con-
ducted in verification of the proposed nonlinear current ref-
erence deadbeat control law for boost converter.

Simulations were done using the power electronics simu-
lations software (PSIM). Conditions and circuit components
values are summarized in Table 1.

Experiments were done on the boost converter with
parameters from Table 1 using a digital control sys-
tem with a floating point digital signal processor (DSP)
TMS320F28335. Current measurements were obtained using
LEM CAS 15-NP sensor. Voltage measurements were ob-
tained using a voltage divider bridge. Voltage command was
changed on the computer keyboard while the disturbance was
connected by a digital circuit to the output of the converter.

reference was abruptly changed from 14.64 V to 20.0 V. Sim-
ulated voltage command tracking capability results are pre-
sented in Fig. 4 while experiment verification of voltage com-
mand tracking capability results are presented in Fig. 5.

Performance index measured is voltage settling time (z;)
which is defined as the period for the voltage to rise from 0%
and stay within 90% of the voltage command. Simulated re-
sults (Fig. 4) show settling time 277 us and experiment results
(Fig.5) show settling time 280 us. The negative voltage re-
sponse (from 14.64 V drop to 14.0 V) due to the presence of
right-half-plane zero ®“® is observed. The current responses
during the voltage tracking are shown in Fig. 6 for simulation
and Fig. 7 for experiments. They show good agreements.

3.2 Disturbance Suppression Load disturbance was
input by a sudden connection of unknown resistor bank to
the output of the converter. Disturbance suppression capabil-
ity results are presented in Fig. 8 for simulations and in Fig. 9
for experiments.

3.1 Voltage Reference Tracking The voltage Performance index measured is the voltage recovery time
(tye) defined as the period for the voltage to recover from
Table 1. Boost Converter Parameters 100% voltage dip to When about 99% of the voltage 'dip 'is re-
: covered for sudden disturbances. Simulated results (in Fig. 8)
Parameter Symbol Value Units and experiment results (in Fig. 9) show disturbance suppres-
Inductance L 22 uH sion capability with recovery time 1.34ms and 1.46 ms re-
Inductor ESR L 0.05 Q spectively.
Capacitance C 60 uF . .
Resistor load R 4 Q 4. Discussions
Inp.ut DC voltage E 12 \ This section presents further discussions about the present
Sw1tch.1ng freguency fs 100 kHz research and also makes comparison to previous literatures.
Sampling period T 10 ps 4.1 Originality of this Research This paper has
20
A =26 7
s wo =4 krad/s 1
'; we  =4krad/s f
3 18 Wops = 4 krad/s ti=277 us
)
= Vre
é 16 — v
=
o)
14
0.0065 0.007 0.0075 0.008 0.0085 0.009 0.0095
Time (s)

Fig.4. Output voltage and reference (voltage tracking settling time 277 us, simulation)

X vo =20V
A =16
wo =4 krad/s /’
we =4 krad/s
Wops = 4 krad/s
tsl= 280 s
h— Uref
— v,
v =14.64V
300 ps/di
abrll FRVATS vo=13V

—

.,

Fig.5. Output voltage and the reference (voltage tracking settling time 280 us, experiment)
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15 A =26
— wo =4krad/s
< we =4 krad/s
= Wops = 4 krad/s
o
5
o 10
g
Q
3
=
5
0.0065 0.007 0.0075 0.008 0.0085 0.009 0.0095
Time (s)
Fig.6. Inductor currents during voltage tracking (simulations)
A 4.35 A 4.3
A =16
wo =4 krad/s .6A Ires
Wi Aeraills Les = 1524 A — i
Wops = 4 krad/s ref ’ L
ILave
ip=8A
i,=433A
300 ps/div .
3 A/div iL=0A
Fig.7. Inductor currents during voltage tracking (experiments)
145 4 =26 :
= wo =4 krad/s ; _
= 14 we —4kradss | p— z:ff
® Wops = 4 krad/s trec = 1.34 ms
13.5
1.2
< 0.8
& 0.4
0
0.006 0.007 0.008 0.009 0.01
Time (s)

Fig.8. Upper curves are the output voltage disturbance recovery time 1.34 ms with the reference, bottom curve

is the estimated disturbance (simulations)

achieved the following five contributions. Firstly it has devel-
oped the discrete time nonlinear state equations for a boost
converter. Secondly it has used this modeling to develop a
nonlinear current reference deadbeat control for a boost con-
verter. Thirdly the current reference is made of two terms,
one of which is the output voltage regulation and the other
is the estimated steady state inductance current. Fourth, the
load disturbance observer is proposed and it is added to this
current reference term for feedforward compensation. Fi-
nally a very quick reference voltage tracking was experimen-
tally achieved among other literatures while the disturbance
recovery time is still in the reasonably quick range. The se-
lection of the three parameters in Fig.3 is done as follows.
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The wy is the smoothing filter for the average load, and it
should be the lowest among we and wyps. we is the cut-
off frequency of the low pass filter for the nonlinear term
Ts/AT,(s). It should be a little higher than wp. Also wyps is
the cut-off frequency of the load disturbance observer, thus it
should be high enough to compensate the high frequency dis-
turbance components. As a result following conditions may
be reasonable.

Wo < We, Wo < Wops, We < Wops

This suggestion can be confirmed in Figs. 10 and 11. Use of
(7) to calculate gain A is possible in simulations, but authors
found that due to square root and inverse operation involved,

IEEJ Journal 1A, Vol.6, No.5, 2017
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OFF vp = 14.64V OFF
"l Y AN S
A =16 V
wo =4 krad/s
we =4 krad/s H — Vper
Wops = 4 krad/s trec = 1.46 ms v
— Vo
0.5 V/div vo=13V — iy
500 pus/div
g=12A

Fig.9. Upper curves are the output voltage disturbance recovery time 1.46 ms with the reference, bottom curve

is the estimated disturbance (experiment)

1600
1400

1200
1000

Output voltage settling time, ts [¢s]

Wops= 1 krad/s —e—
Wops= 2 krad/s —a—

Wops= 3 krad/s —a—
Wops= 4 krad/s —¢—

800 Wops= S krad/s —i—
600
400
200
0
0 1 2 3 4 5 6
wc [krad/s]
Fig. 10. Experiment results of settling time (z,) trends
—|7 A =16 Wops= 1 krad/s —e—
Elg wo = 4 krad/s Wops=2 krad/s —a—
RS 5 Wops= 3 krad/s —&—
g Wops= 4 krad/s —¢—
e 4 Wops= 5 krad/s ——
2
§ 3
(9] —
R —t
g M
=1
&
30
0 1 2 3 4 5 6
we [krad/s]

Fig. 11.

it became unstable during experiment DSP implementation.
Thus they chose constant gain A (A = 1.6 for experiment and
A = 2.6 for simulations). Choosing wy = 4 krad/s investiga-
tions of effects of different disturbance observation filters (1.0
< wyps < 5.0krad/s) and different inductor current estimation
filters (1.0 < we < 5.0krad/s) were carried out experimen-
tally. Gain A for simulation is higher, because there is no
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Experiment results of recovery time (#,..) trends

delay in control during simulation, while in experiment there
is control delay and when gain A is large it causes large out-
put voltage oscillations. That is why gain A was determined
experimentally lower than for simulation. Summary of the
results is presented in Figs. 10-11.

Due to condition in (13) and arrangements of Fig. 3, w¢ has
higher influence on the settling time than does w,. It should

IEEJ Journal 1A, Vol.6, No.5, 2017
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Table 2. Performance Comparison with Past Literatures of Digital Control Methods on Boost Converters

Authors Switching

Sampling Input
frequency [kHz] period [us] voltage [V] change [V]

Output voltage f,
us]

Disturbance ¢,
(load change) [ms]

Flores et al., 2014 " 45 100 NA™ 15— 24 3000 89 — 38Q  Not known*
Oucheriah et al., 2013“* 200 NA™ 6 — 10 7—12 25000 160 - 40 Q 20
Tong et al., 2014 ® 100 10 5—-6 15 NA™ 15—-10Q 0.18
Karamanakos et al., 2014 ¥ NA** 10 10—->15 15-30 1900 73 - 36.5Q 0.7
Oettmeier et al., 2009 16 NA™ 115 165 — 175 1700 NA*™ NA*
Shirazi et al., 2009 195 0.72 15 30 - 35 800 03—06A 0.6
Chenetal., 2011 20 1 20 35 —-40 10000 40 - 30Q 10
Takei et al., 2014 10 NA™ 50 100 NA™ 3 —-58A 5
Mushi et al., 2015 “® 100 10 12 20— 21 5000 2—-25A 17
This paper 100 10 12 14.64 - 200 280 4-3Q 1.46
ty is the settling time defined as period for the voltage to change from 0% of command voltage to its

settling value within 90% command voltage.

trec 1s the recovery time defined as period for the voltage to recover from 100% voltage dip to when more
than 90% of the voltage dip is recovered after sudden disturbance.

Not known™ Difficult to read data from figure presented in that paper.

Hok

N

- Means from to.

Figure and/or data not available in that paper.

be noted that if w¢ is selected very low, the immediate effect
is slower voltage responses, see Fig. 10 on left hand side.

Sudden disturbance requires both quick estimation (by
Weps) and fast feed forward (by w¢). That is why Fig. 11
shows the disturbance rejection capability increases with in-
crease of both w,,s and we. In that figure it is noted that if
these two filters are fast for example w,p; = we = 5.0krad/s
a 1.2 ms recovery time is realized which is reasonably fast,
however it would cause a large overshoot and large oscilla-
tions.

4.2 Simplified Stability Explanation The detailed
stability analysis is beyond the scope of this paper. However
a simplified explanation may be as follows. Putting AT,[k]

in (3) and I,.¢[k + 1] in (4) into (2) yields,
iplk + 1] = Leslk + 1].

Next, putting (3), (4) and (14) into (1) under the assumption
ig[k] = 0 yields,

T, . E —rpi[k]
ElL[k] ookl

T
volk+1]= 1- RC volk] +

Under the steady state point, (4) and (14) imply that

Lo Thimco = Trapgoo-s =+ +vnvnemeeeemeeeeeenne (16)
Also the steady state output voltage is defined as
14 (17)

Putting (16) and (17) into (15) under the assumption that
there is an equilibrium point yields,

1 E - rL]Luveoo

—Vo = L gpeco v [, (18)

R

Assuming a small perturbation voltage around the equilib-
rium point as,

volk] = Vo + Avolk],
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volk + 1] = Vo + Avglk + 1].

Putting (19) and (20) into (15) and using (18) under the as-
sumption that current iy [k] is constant /7,0, and the next
approximation is acceptable Uol[k] ~ V—lw 1- A”VLOEI‘] , then the
following will be derived

2T,
Avolk+1]= 1- e AVQ[K]. v vvveeenmnnnees (1)
This can be solved as
27, *
Avolk]l = 1 - e AVQ[O]. v vvveeeeeennnennn (22)

The value of (1 — 27,/(RC))* is very small as k — oo, thus
Avplk] will converge to zero. This is a simplified explanation
of stability of the controller. See Appendix 4 for the possible
reason of transient oscillations in Figs. 4 and 5.

4.3 Performance Comparisons to Past Literatures

The proposed control method is compared to past litera-
tures VP99 as shown in Table 2.

Voltage command tracking capability is shown in Ta-
ble 2 on sixth column (settling time, #;). Shirazi et al.
showed the settling time 800 us for switching mode power
supplies. Oettmeier et al. * proposed a model predictive con-
troller (MPC) with a sliding mode observer for portable elec-
tronic devices, and reported settling time 1700 us for volt-
age change 165V to 175 V. This paper reports 280 us settling
time for a converter applied in servomotor applications.

Disturbance suppression capability is shown in Table 2
on last column (recovery time, f..). Tong et al.® re-
ported the recovery time 0.18 ms for automotive applications.
Karamanakos et al. *® proposed a direct voltage control using
enumeration based MPC for DC motor drives applications,
and reported recovery time 0.7 ms for load change 0.2 A to
0.4 A. On the other hand, this paper reports 1.46 ms recovery
time for load change 3.66 A to 4.88 A. This load current is 3.6
times larger than that in Tong et al. ®, thus it is in reasonably

IEEJ Journal 1A, Vol.6, No.5, 2017
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quick range.

Comparison with respect to switching frequency is pre-
sented in Table 2 on second column. Oucheriah et al. "
proposed a PWM-based adaptive sliding-mode control for a
switching frequency 200 kHz, and reported slower responses
than this paper.

Comparison with respect to sampling period is pre-
sented in Table 2 on third column. Chen et al.® proposed
a closed-loop analysis and cascade control for sampling pe-
riod 1 us, and reported slower responses than this paper.

It can be concluded that this paper reports better responses
than previous literatures.

5. Conclusion

This paper proposes a fast and robust nonlinear deadbeat
control for boost DC-DC converters. The nonlinear state
equation is first derived, and second a nonlinear current refer-
ence deadbeat control is proposed. Thirdly the current refer-
ence is made of two terms, one of which is for the output volt-
age regulation and the other is for the estimated steady state
inductance current. Fourthly implementing the load distur-
bance compensation a new nonlinear controller is proposed.
After the verification by simulations and experiments, it was
confirmed that under the conditions of input voltage 12V,
output voltage 20V, the load resistor 4 Q and 100 kHz sam-
pling frequency, the voltage command tracking capability of
280 us settling time was achieved, and also 1.46ms output
voltage recovery time was realized for a sudden load change.
These data seems the best value among other literatures.

Parameter optimization and the precise stability analysis
will be remained for future work.
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Appendix

1. Derivation of Sampled Data Nonlinear Model for
Boost Converter ® "%

With reference to Fig. 1 whenever the switch is on or off,
the converter goes into either of two discrete states (ON or

OFF), whose state space equations are:
%i(1) = Aix(t) + Bu(1), {i =1,2,3},

Switch ON, i = 1, kT < t<kTS+é£%@L
Switch OFF, i = 2,

kT + % <r<nr, s AR p, T AD
Switch ON, i = 3,

kT + @ +ATy[k] <t < (k+ DT,

Note A; = A3, B; = B, = B3 = B, u(t) = [E iy()]7. Euler’s
forward approximation method gives the following discrete
time nonlinear model.

xlk+ 11 = + AT + Ay AT, [k]) x[k] + BU[K]T s,

A 0 o _1
A1: OL 1 ’AZ_ LL _i
RC C RC
l .
Loy k E
== % = N -
0 -¢ volk] iqlk]

2. Continuous Time State Space Average Model of
Boost Converter
State space averaging is applied to the equation (A1) by
integrating and dividing by sampling period 7'y gives the fol-
lowing state space averaged model.

(1) = A()x(t) + Bu(r)

o _L1ALG (A3)
_ L T,
A= | any T
Cc T, RC
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Note that above, KTy = 0 and discrete time index k was re-
placed by continuous time index . Frequency domain model
is derived from (A3) and given as (A4)—(AS).

0o(s) = —ms ATTZS(S) iL(5) = ig(s) oeeeeee (A4)

ir(s) = m —AY;S(S) Vo(S) + E cvverennn. (A5)
3. Tustin Transformation of (10), (11) and (12)
Tustin transformation is given as following.

s is replaced with 2ol (A6)

Tsz+1

It is used to discretize (10), (11) and (12). The discretized
estimated disturbance in (11) is

~ 2 - wobsTs ~
gkl = ——— k-1
1q[k] >t w7, Lql ]
wobsTs . .
m (qlk = 11 + iglk]),
AT,k -1
k) = — iglk =1+ AR
AT,[k] . 2R, C, + T
k|- —— k
T. ir[k] R.T, volk]
2R, C, - T,
_— k—1
RT. ol ]
....................... (A7)
The discretized estimated output current in (12) is
A 2—woTs
k]= ——— k-1
ialk] 3t wol, il ]
onS . .
—_— k-1 k
3t wol, (ial 1 +ia[k])
2— onS A A
- m glk — 1] +1i4lkl, -+ (A8)
. . 2RnCn - Ts
ialk] = —islk— 1] - TRIT. volk — 1]
2R, C, + T,
T Uo[k].

The discretized estimated inductance current in (10) is

2 - wcTs
Itaelk] = =—— Taeelk -1
Lave[K] v ucT, [ ]
weT? ialk =11 ialk]
24+wcTy ATk —1] AT, [k] ’

4. Discussion of Transient Oscillations Observed in
Figs.4 and 5
When (21) is derived, authors assumed that the current
i [k] is constant, however the transient phenomena in Figs. 4
and 5 it is more reasonable that i;[k] changes around the
I} ge defined in (16) as observed in Figs. 6 and 7. Thus fol-
lowing equation is assumed
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i [K] = gpeco + Ap[k]y«ceermmemereeeennnnnn

where Aiz[k] is current variation. Using this and taking the
same procedures to derive (21) in Section 4.2 yields the next
equation

T
Avolk +1]1= 1= —=Q2+a) Avolkl,-------- (A11)
RC
Airlk
where a = Kl (A12)
Laveco

This equation implies that if @ is very large (A11) may oscil-
late in the transient.

Also it is observed that the large I,.¢[k + 1] causes the duty
ratio to be saturated at the upper and lower limits.

In simulation and experiment, it was observed that a very
large gain A in (4) made the feedback system unstable. The
precise investigation of this nonlinear phenomena is very
complicated thus authors believe that this issue is beyond the
scope of this paper, thus will be presented later.
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