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Abstract

This paper presents a simple input-constrained current controller for a DC/DC boost converter with stability analysis that
considers the nonlinearity of the converter model. The proposed controller is designed to satisfy the inherent input constraints of
the converter under a physically reasonable assumption, which is the first contribution of this paper. The second contribution is
providing a rigorous proof of the proposed control law, which keeps the closed-loop system along with the internal dynamics
stable. The performance of the proposed controller is demonstrated through an experiment employing a 20-kW DC/DC boost

converter.
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I. INTRODUCTION

DC/DC converters are used in several applications, such as
solar PV systems, personal computers, computer peripherals,
and adapters of consumer electronic devices [1]. For these
applications, DC/DC converters with acceptable output
voltage tracking performance and stability guarantee are
necessary despite its inherent input constraints [2]-[10].

Traditionally, the cascade output voltage strategy [11],
which employs an inner-loop current controller and an
outer-loop voltage controller in a cascaded manner, has been
commonly adopted in many industrial applications. Both
inner- and outer-loop controllers have been implemented
using the proportional-integral (PI) control method due to its
simplicity [11]-[13]. However, in the case of boost and
buck-boost converters, the closed-loop performance of the
PI-type inner-loop current control system clearly varies as the
output voltage operation mode changes because of
nonlinearities of these converters. Moreover, it is unclear
whether the closed-loop stability is still preserved in the
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Fig. 1. DC/DC boost converter.

presence of input constraints or remains unknown.

Many solutions have been proposed to improve the
closed-loop performance by using advanced control
algorithms, such as deadbeat controllers [14], [15], predictive
controllers [16], [17], sliding mode controllers [18], [19], and
adaptive controllers [20]-[21], which guarantee closed-loop
stability without considering the input constraints of the
converter. Recently, in [22], a novel current controller that
considered the parameter uncertainties was developed. In this
controller, the optimality is obtained by solving an
optimization problem that involves the lower and upper
bounds of the parameters.

The model predictive control (MPC) method, which is an
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Fig. 2. Cascade voltage control system.

efficient method to stabilize plants, numerically optimizes a

cost function on-line to handle the input/state constraints [23].

Recently, deadbeat-based [24], [25] and explicit MPCs [26],
[27] have been developed to reduce online computational
burden and implement the method using practical digital
signal processors (DSPs) with acceptable sample period.

This paper proposes an input-constrained current controller
for the inner-loop utilized in the cascade output voltage
control strategy. The proposed method has the following
novelties: a) the physical input constraints are handled
effectively by a simple membership test without any
numerical method unlike in [26], [27], while guaranteeing
closed-loop stability, b) the proposed method has to be
capable of stabilizing the current error dynamics and the
closed-loop system, including the first-order internal
dynamics. In particular, the proposed control law is designed
to stabilize the inductor current tracking error dynamics by
assigning the tracking error damping term after simple
nonlinearity cancellations. The damping gain is adjusted in
order to ensure that the proposed control law satisfies the
input constraints at all time while maintaining the stability of
the current tracking error dynamics. The closed-loop system,
which includes the first-order internal dynamics, is also
shown to be asymptotically stable using the Lyapunov
stability theorem. Simulation and experimental verifications
indicate that the proposed method is a promising alternative
solution to the classical PI controller.

II. MATHEMATICAL MODEL OF DC/DC BOOST
CONVERTER

This study is concerned with the standard DC/DC boost
converter depicted in Fig. 1, where D €[0,1] denotes the
duty ratio acting as the control input i (t) whereas V,(t)

represent the inductor current and capacitor voltage,
respectively, as state variables. Duty ratio D determines the
switching action through pulse width modulation (PWM). For
example, duty ratio D e€[0,1] commands the switch to be

turned off for a period of (1- D)T , where T refers to the

PWM period. Considering the PWM operation, the averaged
converter model is easily derived as

diL(t)__ .

'——dt = —RoniL (1) =V, (1) + (v, (1) + v )u(t) )
+V, —Vp, Vv,

Vo _ i (1)L

C o =(1-u®)i ) RLVD(t), v, . (2)

where u(t) represents duty ratio D because the control

input that must be designed to be constrained into the closed
interval [L,0], ie., u(t)e[0,1], vt. Ry, and v, denote
the switch ON-resistance and diode voltage, respectively. For
a detailed derivation of the averaged model (1)—(2), see [4].
Before designing the current controller for dynamics (1)—(2),

we considered the following assumptions:

1) i (t)>0 and v,(t)>0 for all time [28].

2) The inductor current and output (capacitor) voltage can

be measured.

III. INPUT-CONSTRAINED CURRENT CONTROLLER
DESIGN

This section derives an input-constrained current control law
for a DC/DC boost converter whose dynamics are governed
by bilinear differential equations (1)—(2) under the three
assumptions given in Section 2. The control objective of the
current controller is given by

}imiL(t) = iL,ref, (3)
under the following input constraints,
u(t)e[0,1], vt. 4)

Note that the inner-loop controller which guarantees the
control objective (3), can be utilized for the classical cascade
output voltage regulator shown in Fig. 2.

Section III. A. shows the design of the input-constrained
current controller, whereas Section III. B. provides a rigorous
analysis of the closed-loop stability.

A. Controller Design
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The dynamical equation (1) of the inductor current can be
rewritten in terms of the tracking error:

e () =i () —i e, VE:

Le, (1) = —Rou& (1) = Vo (1) + (v, (1) + vp)u(t)
+V, —Vp — Ronli rer» V1.

®)

To stabilize the tracking error dynamics (5), the proposed
control input is given as follows:
1 .
ut)y=———(v.(t)—-v, +v, + |
( ) Vo(t)+VD( o( ) g D RON L,ref
—k(t)e, (1)), v,
where the time-varying damping gain k(t) is defined as

k if u(t)|k(t)=k e[0,1],

k®)=1 . ™
0 if u(®)], e € [0.11,

(6)

with k >0 as a design parameter.

At this point, the feasibility of the proposed control law (6)
for all time remains uncertain, i.e., u(t)e[0,1] and Vvt .
Therefore, Theorem 1 proves the feasibility of the proposed
controller (6) under the assumption that the output voltage

V,(t) is bounded below for some constant such that
Vy (1) 2 max {V, =V, = Royiy -0}, V20 (8)

Theorem 1: For any i_ satisfying

v
0<ip o <=, ©)
RON

assume that inequality (8) holds. The proposed control law (6)
fulfills the input constraints (4) for all time. i.e.

u(t) e[0.1], vt. (10)

Proof: Considering the definition of the proposed control
input (6)—(7), the proof can be completed by showing that

ue)|, o0 €10.1], VL. (11)
Inequality (8) with i, >0 implies that
1 .
U(t)|km:0 = m(%(t) =V +Vp + Roylprer) (12)
>0, Vt,
and inequality (9) means that
V, — Royd
u(t =1--% oML 5wt 13
Ol =1= =00 (13)
Therefore, it can be concluded that
U)o €[0,1], V. (14)

Remark 1: Because of Ry, =0, the admissible range of the

inductor current reference described in (9) would be
sufficiently large. Thus, condition (9) is not considerably
restrictive.

Remark 2: The inductor current i (t) driven to its

reference i« >0 by the proposed controller (6) boosts the
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output voltage V,(t) to some value V, >V, , where V;(t) is

the output voltage reference.

Remark 3: The proposed input constrained-current
controller of (6)—~(7) can be implemented through IF-THEN
logic as follows:

If

1
v, + Vp
1
v, + Vp

(vo - vg + UD + RONiL,ref - kel)]

(UO - Ug + UD + RONiL,ref - kel) < 1]

u(t) = u(t)lee)=k

1
= v, — v, +vp + Rypi —key).
UO+UD( o g D ON‘Lyref 1)

Else, i.e.,

1 .
[vo + UD (1.70 - vg + UD + RONLL,ref - kel) < 0]

1
or v, — v, +vp + Rypi — ke >1]
[Vo-l-UD( o g D ON‘Lyref 1)

then,
u(t) = ul®)lkw)=o

_ 1
v, +vp

(170 - Ug + VD + RONiL,ref)-

B. Stability Analysis

This section provides an analysis of the closed-loop stability
under assumptions of the Theorem 1. First, Lemma 1 asserts
that the proposed controller (6) establishes the control
objective (3) by showing that a positive-definite function with
respect to the tracking error € (t) decreases monotonically.

Lemma 1: Suppose that all assumptions of the Theorem 1
hold. The proposed control law (6) ensures the achievement
of control objective (3) while satisfying the input constraint
(4).

Proof: The proposed control law (6) obviously satisfies
input constraint (4) through the Theorem 1, causing the
inductor current error dynamics (5) to be satisfied as

Le (1) = —(Roy +k(t))e,(1), Vt. (15)

Using the closed-loop error dynamics (15), the
positive-definite function V(g (t)) designed as
Ve m)= e, v (16)

satisfies
V(& (1) = ~(Roy +k(1)E] (1)
<R, & (1) <0, Vt,
because k(t)>0, vt (see(7)). These Equations imply that
ngil_(t):iuef- (18)
Although the fact that the proposed control law (6)

(17
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asymptotically stabilizes the inductor current tracking error
dynamics under the input constraints have been verified,
whether the entire closed-loop system including the output
voltage dynamics (2) is stable remains unknown. Theorem 2
governs the closed-loop stability analysis.

Theorem 2: Suppose that all assumptions of the Theorem 1
hold, and let v, be the equilibrium point of the output

voltage V,(t) corresponding to the equilibrium point i
of the inductor current i (t) .
(. OV, (1) = (I es » v,) of the
comprising (1), (2), and (6) is locally and asymptotically
stable.

Proof: The proposed control law (6) forces the output
voltage dynamics (2) to be governed by

Cv;m=—Rivo<t)—u<t>iL(t>+iL<t)

k(t) RON L,ref jl (t)

The equilibrium point

closed-loop  system

&)+

= —Lvo(t) +[—1+
R v, (D +Vv, v (t)

L
+ IL(t)a Vt,
(19)
where (9) can be linearized at the equilibrium point

(iL(t)aVo(t)) (IL ref » o) as

Cé,(t) = ( k(t) +\\//E+ y on L ref ] ®

_ L (Vg RON L, ref) L,ref
( R + —(V V) Je ) (20)
=G (t)el (t) -G8 (t)a Vi,

where e,(t) represents the output voltage tracking error

defined as ez(t):=v0(t)—v:, vt, and c/(t) and c, are

defined as
k(t)+v, —R,i
Cl (t) — ( ) *g 'ON "L, ref , Vt,
V, +Vp
. . 21

1 (Vg - RONIL,ref )IL,ref ( )
C,=—+ - s

R, (Vo +Vo)

Note that ¢,(t) is bounded by the unknown constant T, as

_ k+v
e, (®)|<T = . +v9 , Vt. (22)
D

o

Furthermore, c,>0 because inequality (9) is assumed to

hold. Consider the positive function defined as
Va (e(t) =V (& (t))+%e§ (), vt, 23)

where e(t):=[e(t) e,)] , vt, y denotes a positive
constant to be determined later. Using inequality (17) in
Lemma 1, its time derivative along the trajectory of the

system (15) and (20) is given by

Vi (e(t)) < —7Ronel (1) +e, (1) (c () (t) -8, ()

=—7Roue’ (1) +& (1)(c,(t)e (t)—ce (1)), V. -
Applying Young’s inequality,
xy<2x+ y’, VX,yeR, Ve>0, (25)
and thus, it follows that
Vi, (e(t)) < —nel(t) —%ej (t) <0, Vt, (26)
by setting the positive constant y as
Y= ZR:N 2+7], vn>0, (27)

which implies local asymptotic stability of the closed-loop
system.

The theorem 1 shows that the proposed control law (6)
satisfies the input constraints (4) under assumption (8).
However, proving that the proposed control law (6) satisfies
the input constraints (4) for all tracking error trajectories
starting from the set of initial conditions is possible by
showing the existence of the set of initial conditions that
guarantees inequality in assumption (8). For details, see
Theorem 3.

Theorem 3: For any tracking error trajectory e(t)

initiated from the set Q defined as
e(0) eR2| 2 V.(e0)
Q= min{yL,C} ¢

Sv =V, +Vp +R

; (28)

ON L ref

the proposed control law (6) fulfills the input constraints (4).
That is,

Ve(0) e Q, u(t) e[0,1], ¥t =0. (29)
Proof: From integrating inequality (26), it follows that
Va (e(1)) <V (e(0)), vVt 20, (30)
which gives the inequality,
%"’C}"e(t)"z <V, (e(0)), Vt 0. (31)

Thus, because |ez(t)|S||e(t)||, vt , inequality (31) implies
that

2
le,(t)| < \/MV“ (e(0)), Vt >0, (32)

which means the following chain implications hold:
[Ve(0) e Q]
= [|e2(t)| SV, =V, +Vp +Royip o, V2 O.J
. 33
= [ =V, =V +Vp + Rogly o) SV (1) =V, V220, 3

[V = Vo = Roul e ) <V, (1), V120

Therefore, because inequality (33) implies assumption (8),
statement (29) holds true by Theorem 1.
Remark 4: The results of the analysis show that the
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TABLEI
EXPERIMENT PARAMETERS
Low Condition 80V
Input Voltages (V)
High Condition 220V
Low Condition 150V
Output Voltages (V,)
High Condition 400V
Rated Power 20 kW
Input Voltage Side Inductance (L) 130 pH
Output Capacitance (C) 1500 pF
e W i R - Switching Frequency 10 kHz
<Power conversion part> <Overall system™> " ,
Switch ON Resistance (Roy) 0.1Q
Fig. 4. E imental setup. .
16 % bxperimental setup Diode Voltage (Vp) 0.707V

proposed method guarantees the closed-loop stability in the

presence of input constraints. These results are in sharp
contrast to the classical PI method in the control theoretical

point of view.

This section describes the experimental evaluation of the
closed-loop performance and its comparison with the

IV. EXPERIMENTS AND RESULTS

classical PI scheme.

An experimental 20kW boost converter system is developed
to demonstrate the performance of the proposed control
scheme. The experimental setup of Fig. 4 consists of two
sections: power and measurement, and control. The power
section includes the main power switching device and other
components. The proposed control algorithm and other

software
TMS320F028335.

A 20-kW DC/DC boost converter with parameters listed in
Table I was used. Resistance R,=40Q was used as converter
load. Fig. 3 shows the implemented closed-loop system using
DSP28335. The sampling and PWM periods were both set to

100ps.

features

are

implemented by

reference 1 4 =20A

V, =100V . The damping gain was chosen to be k =5 , and

set to

using a

and

the input

i, (0)=7A, v,(0)=150V,

where e(0) e Q to ensure that the control law is satisfied for

denotes the unconstrained control defined in (7).

These experiments confirm that the proposed control law
provides an acceptable inductor current tracking performance
while efficiently constraining the control input (duty) to the
The second experiment was conducted to compare the output
voltage tracking performance with that of the classical
cascade PI method, where the output voltage tracking
performance was evaluated by replacing the inner-loop PI
controller with the proposed controller. The inner- and

The first experiment was performed to demonstrate the
inductor current tracking performance for the inductor current

source Vvoltage

the initial conditions of the inductor and output voltage were

all time (Theorem 3). The resulting inductor current tracking
performance, output voltage, and corresponding control input

(duty) behaviors are depicted in Fig. 5, where u(t)|
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admissible interval [0; 1] for all time. This step is the main
advantage of this proposed method.
outer-loop PI gains were tuned as

I(P,inner = 001’ I(I,inner = 1’ kP,outer = 0 1’ kl,outer =1’

for the best inductor current and output voltage tracking
performance with tolerable overshoot. The same damping
gain as that in the first experiment was chosen for the
proposed method. The two operating modes were considered
in this experiment.

1) Low-voltage operating mode

vV, =80V, v,(0)=100V, i (0)=3A, v, , =150V
(Vorer 1s the output voltage reference)
2) High-voltage operating mode

v, =220V, v,(0) =250V, i (0)=6A, v, ; =400V

Figs. 6 and 7 show the closed-loop performance of the
proposed method in the low- and high-voltage operation
modes, while Fig. 8 and 9 show the closed-loop performance
of the PI method in the same operating modes.

Figs. 6 and 9 show that the PI method suffers from severe
closed-loop performance degradation, whereas the proposed
method succeeds in preserving similar closed-loop
performance as in the low-voltage operation case. However,
the closed-loop performance can be recovered by using other
PI gains, which is an expected result, because the closed-loop
poles of the inner-loop PI control system, depend on the
output voltage.

These experimental verifications show that the proposed
method can be used efficiently for solar power generation
applications as an alternative solution to the classical PI
method because unlike the classical PI method, the proposed
method will provide the desired closed-loop performance
over a wide operating region.

V. CONCLUSIONS

This paper presented a simple input-constrained current
controller for a DC/DC boost converter by considering the
nonlinearity of the converter model. The proposed control
law includes nonlinear cancellation terms and a tracking error
damping term to stabilize the inductor current tracking error
dynamics. The input constraints of the converter are treated
by assigning the damping gain appropriately while the
closed-loop current tracking error dynamics is stable. The
closed-loop stability, which includes the internal dynamics, is
analyzed rigorously. Finally, using realistic simulations and
experiments, the proposed method is verified to be an
effective solution to the output voltage tracking problem of
the DC/DC boost converter.
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