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A Novel Adaptive Voltage Control Strategy for
Boost Converter via lnverse LQ Servo-Control

Sorawit Stapornchaisit, Sidshchadhaa Aumted, and Hiroshi Takami

Abstract—In this paper, we propose a novel adaptive voltage
control strategy for boost converter vialnverse LQ Servo-Control. Our
presented strategy is based on an analytical formula of Inverse Linear
Quadratic (ILQ) design method, which is not necessary to solve
Riccati’s equation directly. The optimal and adaptive controller of the
voltage control systemis designed. The stability and the robust control
are analyzed. Whereas, we can get the analytical solution for the
optimal and robust voltage control is achieved through the natural
angular velocity within a single parameter and we can change the
responses easily via the ILQ control theory. Our method provides
effective results as the stable responses and the response times are not
drifted even if the condition is changed widely.

Keywords—Boost converter, optimal voltage control, inverse LQ
design method, type-1 servo-system, adaptive control.

|. INTRODUCTION

OOST converter should be designed and operated with

high voltage ratio, high efficiency and high compactness
keeping low cost herewith, the aim issue for researching isin
this domain[1]. The control system issues relate to the boost
converters, are interested, especially in the concerning topics of
discontinuous topologies, nonlinear systems, non-minimum
phase systems of the dc to dc converters due to the switched
circuit topology[2]. Furthermore, the academic researches are
the fashionabl e issues such as the efficiency, the reliability, the
economically and the reduced-size controller. These are the
continuous effort to design many control strategies, to improve
the performance of the power converters and to consider the
number of the control schemes based on diverse tools, have
been proposed [3].

Since the classical control methods are designed at one
nominal operating point, they could not properly respond to the
operating point variations and the load disturbance. Most of
them fail to perform satisfactorily under the large parameter or
the load variations [4].

The proposed control system strategy is designed based on a
linearized small-signal model and employed to control the
power convertersinwhich the ILQ design method isan optimal
servo-system control without solving Riccati’s equation [5].
Using this method, the transfer function can be asymptotically
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designed into specification. Hence, the optimal solution is
guaranteed and the optimal gains can be adjusted at workplace
[6]-[8]. The ILQ servo-control have characteristic as follow;
very easy to designed, stable, robust and can be used as
practical servo controller for the optima electric control
[9]-[12].

In this paper, the novel adaptive voltage control strategy via
ILQ method is proposed. The paper is organized as follows. In
this chapter, describes the advantage of our design method.
Chapter I1, the modeling, solving and finding of thetype-1 1LQ
Servo-System for the boost converter are presented. Chapter
Il, we present the numerical simulations and describe the
resulting important properties of this design. Finaly, the
conclusion and the references are given.

I1. MODEL AND PROPOSE CONTROL STRATEGY

I In this step, we adopt the typical boost converter circuit as
shown in Fig. 1 via the C-filter within the output circuit; the
output voltage is equivalent to voltage source.

A.Modeling for the Boost Converter Circuit

The boost converter is constituted of the power electronics
components as shown in Fig. 1, and the equivaent circuit of
boost converter isshownin Fig. 2, where v, istheinput voltage,
V, is the output voltage, i, is the input voltage, i, is the output
current and i, is the capacitor currents of the passive low-pass
filter, respectively.
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Fig. 1 The boost converter circuit
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Fig. 2 Equivalent circuit of the boost converter
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In this moment, the analytical boost converter is more
difficult than the buck converter and the inverter, because the
topology of boost converter is changed by switching based on
the operation of inductor, MOSFET and diode D.

We can derive alinear state equation of the boost converter
into two steps from Fig. 2 to find as follows; 1) deriving state
equation, including time-variable duty-factor d; into system
matrix by state space average method, and 2) deriving
time-invariant state equation by small signal analysis method.

B. Solving the Time-variant Linear Sate Equation

The time-variant state average space model is consisted of
average of a state space equation when the switch S; is “ON”
period and a state space equation when the switch S, is “OFF”
period.

Our synthesis of this boost converter based on the time
intervals of length Ts, which is separated into “ON” period and
“OFF” period by duty-factor di with the condition of 0 < d; <1.

When the switch S; is the close circuit or called “ON” period,
the current in the inductor L increases linearly and the switch S,
isthe open circuit in this period.

During the switch S; is the open circuit or called “OFF”
period, the stored energy in the inductor L will be released
through closed switch S, and the inductor creates the higher
output voltage.

i. The operation of switch can be represented by d; to
control the output voltage of v,.

In the condition of 0< t < d;Ts when the switch S; is “ON”

period from Fig. 2, the circuit equations are given as follows:

. di, 1 S
v1:r|1+La, VZ_C_F-[I°dt' =10, +i,. 1)
In order to derive the state space equation, we reorganize the
equation as follows:

di; r. 1

Lo +>V 2

LR 2

dv, 1.

e 3

P 3)

then we dispose the state space equation as follows:

x=Ax+Bu+Dd 4

where

x=[iy VZ]T, [ ]T istranspose matrix, u=v,, d=i,,

r 1 0
A=l L ,B=|LladD=| 1
0 0 0 C.

ii. Inthe condition of when the switch S; is “OFF” period
from Fig. 2, the circuit equations are given as follows:;
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. d. 1 S
V=it Ly Vs, szajlcdt, i =iy +ig. (5)

In order to derive the state space equation, we reorganize the
equation as follows:

i'——ri—lv +lv 6
e A (6)
d 1. 1 . 1 .

Vo=—lg=—h——1 (7)

then we dispose the state space equation as follows:

x=Ax+B,u+D,d (8)
where
T o]
A = 1 ,B,=|Lland D,=| 1
— 0 0 C.
C: Ce

Finding the average state space equation indicated by
duty-factor d, and defining the new state variables as follows:

A=d,A+(1-d,)A
B=d,B +(1-d,)B, 9)
D=d,D,+(1-d,)D,

then considering the time-variant system, the average state
equation can be rewritten from (9) as follows:

Xx=Ax+ Bu+ Dd (10)
where
1-d
LI 1 0
A=|, - L |B=|L|adD=| 1
1-d, -—
0 0 C:
Ce

C. Finding the Time-invariant State Equation by Small
Sgnal Analysis Method

According to the time-invariant system, avariable part of the
duty-factor is important to separate by applying the
superposition of the steady and the variable components for the
state equation analysis as follows:

d, =D, +4d, (12)
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where D, and 4d, are the steady and the variable

components of duty factor, respectively.
Substituting (11) to (10) yields:

v 1(Drady)
A= L L —A+Tud,  (12)
1-(D; +4d, )
0
CF
where
1-D
£ [
A=11p, =y
0 -—— 0
C. C.

Thence, applying the steady state analysiswith 4Ad, =0, the
steady state equation can be obtained as follows:

%, = A%, +Bu, +Dd, =0 (13)

where
%=[l, B, =V, dy=1,.1,,1,, V,andV, are
average valuesof i,, i,, v, and v,, respectively.

Then

r 1- D¢ 1

L V,+=V, =0 143
L 1 L 2 L 1 ( )
1
lj=——1,. 14b
=1p (14b)

Substituting (14b) to (14&) and considering 0< D, <1
yield:

(1)

Because generally resistance r isvery small, so we can neglect
it.

Taking account of u=u,=V,=constant in (10), we
consider about state variables as follows:

X=X, + 4X (168)

u=u, (16b)

d=d,+4d (16c)

where Ax, Ad are variable components as.

Ai i, — | S
AX= X=X, = L‘Vj: {V:—Vj' Ad =d -d, =i, =i, -1,

International Scholarly and Scientific Research & Innovation 6(12) 2012

1706

Substituting (12) , (13) and (16a) - (16c) to (10) yields:

A% =(A+14dy ) (%) + AX)+ Bug + D (dg + 4d)

a7
= AAX+ I"'x3Ad; + DAd + 7'Ad ¢ AX

We can assumethat Ad; AX~ 0 onthesmall signa analysis,
thus the time-invariant state equation is given as follows:
Xs = AXs + ByUg + D, Y, = C.X, (18)

where,

x, = Ax=[4, A,], u,=4d,, d,=4d=4i, and

r 1-D, v,
L L L
A=A= 1-D , Bi=I%= e
f 0 __1

)
c.=c=[0 1] and DS:D:{O _i}

Henceforth, the plant must satisfy the controllable and
observable system, the minimal-phase system, and the no zeros
system at the origin, which aready has al of conditions. We
can verify and proof the system with the robust control theory
approached [5], [6], [13].

D.Solving the Type-1 ILQ Optimal Servo-System

In order to design the ILQ optima servo-system, the
following conditionsis proposed [4], [8], [14], [15]:

1) Proposed strategy extended the state feedback system.

2) We can find the analytical optimal solution based on the

ILQ design method.
3) We can get the asymptotic feature of the ILQ optimal
Servo-system.

4) We can follow the procedure for the optimal solutions of

the Type-1 ILQ servo-system.

In this section, we first derive the basic construction for the
Type-1l ILQ servo-system, and then we explain about the
procedure for getting the optimal gains of the Type-1 ILQ
Servo-system.

E.Finding the Basic Optimal Gains of the Type-1 ILQ
Servo-System

Fig. 3 shows atypical servo system, where y* is a reference
input, K isfeedback gain, K, represent the integral gains of the
servo controller.

Based on the conventional ILQ design method, the set of
parameters of the basic ILQ servo-system represented in Fig. 4
are:

[Ke K ]=V72v[K? KP] (19)

where KS and K,0 are the basic optimal gains, 2’ is diagonal

gan matrix as adjusting parameter, and V is suitable
nonsingular matrix [7], [9], [16].
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Fig. 3 Block diagram of typical servo-system
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Fig. 4 Block diagram of construction of the ILQ servo-system

At this point we have achieved the optimal solutions of ILQ
servo-system with gain K2 and K.

F.Finding the Optimal Condition of the Type-l ILQ
Servo-System and Proposed Adaptive Control Strategy

ThelLQ servo-systems have the special property to converge
the closed-loop transfer functions into objective decoupled-
transfer functions. Thisidealeads to very simple adjustment of
gains which is easier to control the servo-system. Then, the

basic gains KE and K,0 are derived by following procedures:

D.:=c, A%'B (20)
where D, which must be nonsingular, i.e. necessary-and-
sufficient condition, enables to decouple the system, c; is the
1%row-vector of matrix C, and d;= min{k|c1Ak'1B¢O, k=1,2,...}
is the order difference between the denominator and the
numerator of the plant.

The order difference, d; = 2 in the system was given by (20),
so that the stable polynomial for ¢(s) determines the response
of the servo-system in the condition 2o, can be defined as:

#(S) =y +oy,5+5° (21)

where «;; and «; , are the coefficients of the polynomial, thus
the objective transfer function is given by

_¢(0) a1

A oy a5+ S
11 1,2

G/ (s) 22)

A polynomial matrix can be defined as:

N (A)=cth(A) =+ a A+ A)
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| 12(1-Dy) 3 (1-D¢)r
Cr CeL

(1-D;)?

- 23
(2% C.L (23)

then we can derive the decoupling gain as follows:

r—ep,l  og,CeL—(1-Dy)?
A (1- D¢ )V,

K =D;'N,(A) = (24)

Consequently we can obtain the optimal basic gains as
follows:

0| Ko|_ A Bs:|_1
I:KF i K| :| [K I]|:Cs 0
L ay 5L Ce i a4 LCe
A (1— Df)v2 [ (1— D; )v2

(25)

In order to achieve a ssimple design of responses, we give
objective transfer function of (22) as.

= a)r% and a,, = 2w, (26)

where @, is natural angular velocity and ¢ is damping

coefficient.
The sigma can be calculated by following equation:

2 L-
S (al,z r)
L

bX (27

From (25), basic gains K2 and K°, which are solved by
analytical forms, are function of the steady component of duty
factor D; and voltage V,, so that it enables to reslize an
adaptive control for varying command output voltage ys*.

Consequently we can derive a proposed adaptive ILQ
Servo-system as shown in Fig. 5.

Uy

bl (51 A) By 1 €

4 Plant
K

il .f}dapl ive ILQ
Controller

Fig. 5 Block diagram of construction of the proposed adaptive
ILQ servo-system (on the basis of (25))

I11. NUMERICAL SIMULATIONS AND RESULTS

The parameter of our simulation, which were carried out at
the condition of DC input voltage of 12V and the carried
frequency of 20 kHz. The result of simulation is as shown in
Fig. 6 to Fig. 10. The amplitude of reference voltage through

1SN1:0000000091950263
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the low-pass filter, were varied from 24V, 48V and 60V
whereas, each reference voltage is increased by 1V or 5V at
0.15sthenceforward, we changed back at 0.2s. Furthermore, for
supplying the same disturbance load current, the step-function
load of 10Q, 24Q, 48Q and 60Q is connected to the output
terminals at 0.25s, respectively. All of simulation results used
the same condition those were o,, = 500, ¢ = 0.707 and ¢ =

1000. The blue line represents the reference voltage and the
actua voltage is represented by the red line, the output current
and duty-factor of systemis also presented.

For the evaluating response by the reference input, we define
a "rising time"', which is an interval from the increasing
reference voltage output to 95% of reference voltage. Moreover
for the evaluating response by the disturbance of system, we
define a "recovery time", which is an interval from the impact
of its disturbance to the recovering level.

25 2
/ 25 |-Af

24 v
——B.676 ms— 2
0152 0156 016 02 0.255 026 0265
Time (s) Time (s}
(a) Output Voltage (reference voltage is v2_com and actual voltage is v2)
22
2
148
16
14
12
1
a8
al i oM o Qs 0z o2 [ om 03 o3

Treis)

(b) Output Current

—rs8676ms

= o1 2%
Tere 5]

(a) Output Volage (reference voltage is v2_com and actual voliage is v2)

o2
fmeis)

(b) Ourput Current

() Duty Factor

Fig. 7 Type-1 ILQ control with 2™-order
(Command voltage v, =24V to 25V and load = 10Q)

oz o2 [ 3] 03

o 0z o L] 918

Tl‘::!'n
() Duty Factor

Fig. 6 Type-1 ILQ control with 2"-order
(Command voltage v, =24V to 25V and load = 24Q)

TABLEI
RISING TIME AND RECOVERY TIME
Conditions R'.s' ng Rec_overy
Time Time
Fig.6 Type-1 I1LQ control with High-order
(Command voltage v,'=24V to 25V 8.676ms | 1.349ms
and load = 24Q)
Fig. 7 Type-1 ILQ control with High-order
(Command voltage v,'=24V to 25V 8.676ms 1.356ms
and load = 10Q)
Fig.8 Type-1 I1LQ control with High-order
(Command voltage v,'=24V to 29V 8.676ms | 1.349ms
and load = 24Q)
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Fig. 8 Type-1 ILQ control with 2™-order
(Command voltage v, =24V to 29V and load = 24Q)

Considering Fig. 6 and Fig. 7, the rising times of the
proposed Type-1 ILQ control with 2™-order are 8.676ms,
which mean we can control the rising time with the properties
of robust and insensitive of the disturbance of system. By
comparing Fig. 6 and Fig. 8, we found that changing the
amplitude of the reference voltage from 24V to 25V or 24V to
29V, we can get the rising times are corresponded to 8.676ms,
due to adaptive control of Dy and the reference voltage v.*,
which determines the voltage transformation ratio. This means
that the optimal gains of our proposed controller are changed
automatically and adaptively.
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TABLEII Comparing Fig. 6, Fig. 9 and Fig. 10, all responses are stable,
RISING TIME AN ReCOV Ry TINe and the command voltage is higher and higher, rising time is
Condition Rising | Recovery | gmaller and smaller slightly, on the other hand recovery timeis
ons Time Time : ; ;
: I larger and larger too. This result of simulation was that
Fig-6 | Type-11LQ control with High-order excellent adaptive and robust control has been achieved.

(Command voltage v, =24V to | 8.676ms | 1.349ms

In order to observe the disturbance, we designed the
25V and load = 24Q))

simulation condition of the output current i, (b) to 1A by

Fig-9 | Type-11LQ control with High-order
(Command voltage v, =48V t0 | 7.129ms | 2.338ms
49V and load =48Q))

defining both the reference voltage and the load resistance as
shown in Fig. 6, Fig. 9 and Fig. 10. In this case, we have to

evaluate the effect of i, to the disturbance of system. The results
show that the disturbance is decreased by controlling i».
Considering al results, the duty-factor in (c) is falen in the

Fig-10 | Type-11LQ control with High-order
(Command voltage v, =60V t0 | 6.230ms | 2.703ms
61V and load = 60Q)
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controlling region in range of (0,1) are under control.
Therising and recovery timesin Fig. 6, Fig. 9and Fig. 10 are

i ‘-z_ool111]7;1—i\ s summarized in Table 1.
44 H =

[ v ! _—U
I - i IV. CONCLUSION
(1] I 2 . ad II| o o “"0_2?: hza?z b mﬂ‘i’.{ [ (% 0% 03 .
e wom | : : We have proposed the novel adaptive voltage control
“ @ Bz\zams j strategy for the boost converter by using the type-1 ILQ servo
45 - % \ﬂ s control with the optimal gains of system, which the time
- ‘.. i response and the disturbance response are controlled by asingle
—7. ms—= ] i
e on ® omon parameter, ,, . In case of suppressing disturbance, we should
Time |: e (s, H H
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