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Adaptive Current-Mode Control of a High Step-Up
DC–DC Converter

Chok-You Chan, Satyajit Hemant Chincholkar, and Wentao Jiang

Abstract—A new adaptive current-mode control of a high
step-up dc–dc converter is presented. The converter gives a very
high voltage gain without using a transformer and maintains low
voltage stress across the power devices. The adaptive controller is
formed by combining the existing current-mode control law and
an adaptive law that generates the inverse of the load resistance.
The structure of the proposed adaptive law is such that the
derivative of the estimate is both optimized and bounded. To
facilitate the controller design, the derived averaged state-space
model of the converter with parasitic elements is used. An approx-
imate stability analysis is carried out to gain some insight into the
behavior of the adaptive-controlled system. Some experimental
results comparing the performance of the proposed adaptive
current-mode controller with that of the existing current-mode
controller are also presented.

Index Terms—Adaptive control, current-mode control, high
step-up dc–dc converter.

I. INTRODUCTION

THE mass usage of various nonrenewable energy resources
such as coal, petroleum has led to several environmental

concerns like air pollution, global warming, and green-house
effect [1]–[3]. Also, considering the growing energy demands
of the present society, it is necessary to give some attention to
the development of clean and renewable energy resources such
as wind energy, fuel cells, photovoltaics (PVs) to replace the tra-
ditional nonrenewable sources of energy [2], [4]. However, the
output voltages produced by these renewable energy resources
are very low and not easily compatible with an electric grid.
Also, the output voltage varies with several external parameters
such as solar insolation on the PV array. To overcome these
problems, a dc–dc converter with a sufficient amount of gain
is usually employed before interfacing with the grid [5], [6].
The dc–dc converter not only increases the output voltage of
the renewable energy resources but also provides the necessary
control action against load and line variations.

The gain of the conventional dc–dc boost converter is limited
to approximately six times its input voltage due to practical con-
siderations [6], [7]. To obtain a high gain, it needs to operate at
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some extremely high values of the duty ratio. This may lead to
a severe reverse recovery problem of the diode and little room
for control when dealing with load and line disturbances [6],
[7]. To overcome these problems, several high step-up dc–dc
converter topologies have been reported in the past few years.
These topologies can be broadly classified into two types, viz.,
the isolated and nonisolated topologies [6]–[15]. However, if
an industrial application does not require any electrical iso-
lation, the use of a transformer-based dc–dc converter would
only increase the overall size and cost of the system. In ad-
dition, the leakage inductor energy of the transformer could
degrade the overall efficiency of the converter and may also
lead to high voltage stress across the switching devices [1], [7],
[13]. This makes transformerless topologies a more interesting
choice. Among these, a high step-up dc–dc converter can be
an attractive solution that has several advantages [6]. It main-
tains a low voltage stress across its diodes, which allow the use
of Schottkey rectifiers for reducing the reverse-recovery cur-
rent problem. Also, this converter requires a lower voltage rated
MOSFET switch, which improves the efficiency of the converter
by reducing the switching and conduction losses. Despite such
various advantages offered by this converter, there is a scarcity
of works addressing its regulation problem. To bridge this gap,
a new adaptive current-mode control of the high step-up dc–dc
converter is presented in this paper. To better appreciate the sig-
nificance of the proposed controller, a brief overview of some
past works done in the area of control of high-order dc–dc boost
converters is presented.

The voltage-mode control and current-mode control are two
widely used methodologies for regulating the output voltage in
dc–dc converters. However, considering the nonminimum phase
nature of the control-to-output transfer function of the boost-
type dc–dc converters, it is difficult to design their voltage-
mode control using a single voltage loop. To overcome this
problem, an indirect approach of control in which the output
voltage of the converter can be regulated via the inductor current
control was employed in [16]–[19]. However, the structures
of the controllers used in [16]–[19] are such that they need a
constant reference inductor current term to compute the control
signal. This term, in turn, depends on the load resistance R of
the converter. For implementation purposes, the value of R is
assumed to be constant so that the reference inductor current
can be calculated. However, in practical systems, R could vary.
Also, when R is unknown, it is impossible to calculate the value
of the reference inductor current. These are the major drawbacks
of the traditional current-mode controller.

See http://www.ieee.org/publications standards/publications/rights/index.html for more information.
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Various other indirect control methodologies have also been
used to regulate the output voltage in high-order dc–dc convert-
ers. Among them, a widely used hysteresis modulation (HM)
based indirect sliding-mode controller (SMC) has several ad-
vantages such as ease of implementation and reduced risk of
saturation while operating at high values of the duty cycle [13],
[20]. However, this solution uses a variable switching frequency,
which may lead to inductor and switching losses as well as
electromagnetic-interference generation [21]. If a pulse width
modulation (PWM) based SMC is employed, a double integral
of the output voltage error is required to reduce the steady-state
output error to a negligible value [22]. This increases the com-
putations and complexity of the controller implementation [23].
In summary, the question of how to choose a suitable indirect
current-mode controller for high-order boost-type dc–dc con-
verters is still an open problem and some further investigations
are required to address this issue.

In this paper, a new adaptive current-mode controller for the
regulation of the high step-up dc–dc converter of [6] is pro-
posed. In order to overcome the drawbacks of the conventional
current-mode controller [16]–[19] in handling unknown loads,
the proposed controller uses the estimate of the inverse of the
load resistance to calculate the reference inductor current of the
converter. This estimate, namely, θ̂ is obtained from an appro-
priate adaptation algorithm. The proposed adaptation algorithm,
which is given in the normalized form, leads to an optimized
dθ̂/dt. Moreover, in contrast to existing adaptive schemes [24],
the proposed adaptation algorithm offers more tuning parame-
ters, which can bring about a more satisfactory response since
dθ̂/dt is bounded by a user specified constant. Also, since it
is estimating the load resistance, the adaptive controller is ex-
pected to be highly responsive to a change of load as com-
pared to the traditional current-mode controller. This is borne
out by the experimental results comparing the performance of
the proposed controller with that of the traditional current-mode
controller.

II. MODELING OF THE HIGH STEP-UP DC–DC CONVERTER

Fig. 1 shows the circuit of the high step-up dc–dc converter
with some parasitic resistances. Assuming that the converter is
operating in the continuous conduction mode, the circuit op-
eration can be divided into two stages, namely, “stage 1” of
operation when switch “S” is “off” [see Fig. 1(b)] and “stage
2” of operation when switch “S” is “‘on” [see Fig. 1(c)]. In Fig.
1, rC , rC1 , and rC2 represent the parasitic resistances of the
capacitors C, C1 , and C2 , respectively. It should be noted that,
without considering these parasitic resistances, it is not possible
to obtain the derivatives of vC , vC1 , and vo in terms of the state
variables iL1 , vC , vC1 , and vo in “stage 2,” i.e., it is not possible
to obtain the averaged state-space model of the converter.

A. Averaged State-Space Model

To obtain the averaged state-space model of the converter, it
has been assumed that the inductors L1 and L2 have the same
value (L1 = L2) and capacitors C1 and C2 have the same value
and equal parasitic resistance value (C1 = C2 and rC1 = rC2 ).

Fig. 1. High step-up dc–dc converter and its operating modes: (a) circuit
diagram; (b) “Stage 1” of operation when switch “S” is “off”; and (c) “Stage 2”
of operation when switch “S” is “on.”

Stage 1: During this stage of operation, switch “S” is turned
“off” [Fig. 1(b)] and two diodes Do1 and Do2 are forward biased.
This provides a path for the inductor currents iL1 and iL2 to flow,
and the energy stored in inductors L1 and L2 is transferred to
the capacitors C1 and C2 to charge them. On the other hand,
the capacitor C0 is discharged to provide the energy to load R.
Since the inductor currents flowing through the two inductors
L1 and L2 are the same (i.e., iL1 = iL2 ), their dynamics can
be represented by the same differential equation. Similarly, the
two capacitors C1 and C2 are effectively in parallel and thus the
dynamics of vC1 and vC2 can be combined to form a single
differential equation. The differential equations for this stage of
operation are given by

ẋ = A1x + B1E (1)

where x = [ iL1 vC vC1 vo ] and

A1 =

⎡
⎢⎢⎣

− β
2L1

1
2L1

− 1
2L1

0
− 1

C 0 0 0
1

2C1
0 0 0

0 0 0 − 1
RCo

⎤
⎥⎥⎦ , B1 =

[
0 0 0 0

]T
, and

β = rC + rC1 /2.

Stage 2: In this stage, switch “S” is turned “on” and the
equivalent circuit diagram is shown in Fig. 1(c). The input volt-
age E is charging the capacitor C, whereas the two capacitors
C1 and C2 provide the energy to load. The differential equations
representing this stage of operation can be written as

ẋ = A2x + B2E (2)
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where matrices A2 and B2 are given by

A2 =

⎡
⎢⎢⎢⎣

0 0 0 0
0 − 1

rC C 0 0
0 0 − 1

rC 1 C1

1
2rC 1 C1

0 0 1
rC 1 Co

−
(

1
RCo

+ 1
2rC 1 Co

)

⎤
⎥⎥⎥⎦ and

B2 =
[

1
L1

1
rC C − 1

2rC 1 C1

1
2rC 1 Co

]T
.

Applying the generalized state-space averaging technique
[15] to (1) and (2) yields the following generalized averaged
state-space model of the converter given by

ẋ = (A1u
′ + A2u) x + (B1u

′ + B2u) E (3)

where u denotes the control signal of switch “S” such that
u ∈ (0, 1) and u′ = 1 − u.

B. Equilibrium Values

By setting (3) to zero, the following equilibrium values are
obtained:

IL1 =
2EU (U + 3)

(1 − U) (−RU 2 + RU + 4rC + 2rC1 )
,

VC =
E
(
2rC1 − 2rc + RU − 2rcU − RU 2

)
(−RU 2 + RU + 4rC + 2rC1 )

,

VC1 =
E
(
2rC1 − 2rc + RU + rC1 U + RU 2

)
(−RU 2 + RU + 4rC + 2rC1 )

,

Vo =
ERU (U + 3)

(−RU 2 + RU + 4rC + 2rC1 )
(4)

where U, IL1 , VC , VC1 , and V0 represent the equilibrium val-
ues of u, iL1 , vC , vC1 , and vo , respectively. A simplification
of the expressions of the equilibrium values can be done if it
is assumed that rC /R ≈ 0 and rC1 /R ≈ 0. Thus, from the ex-
pression of Vo in (4), setting Vo at the desired value Vd , the
approximate value of U can be written as

Ua =
Vd − 3E

Vd + E
(5)

Using (5) in (4), and using rC /R ≈ 0 and rC1 /R ≈ 0 give

IL1 a
=

Vd (Vd + E)
2RE

, VC a = E, VC1 a
=

Vd − E

2
(6)

where IL1 a
, VC a , and VC1 a

are the approximate values of IL1 ,
VC , and VC1 , respectively.

C. Model Validation Using Frequency-Domain Technique

First, to verify the accuracy of the averaged state-space model
of the converter using the frequency-domain technique, a small-
signal linearized model was derived (refer to Appendix). The
Bode diagram obtained from the resulting control-to-output
transfer function was compared to the Bode diagram obtained
from the actual converter circuit implemented in PSIM software,

Fig. 2. Bode plot of the control-to-output transfer function of the converter
(ṽ0 (s)/ũ(s)) (solid line: Bode plot obtained from the transfer function (8),
dotted line: Bode plot obtained from the actual open-loop converter circuit
implemented in PSIM software).

version 9.0.3. The following circuit parameter values were used:

E = 3.3V, Vd = 25V, L1 = L2 = 1mH,

C = C1 = C2 = C0 = 68μF, R = 1kΩ,

rC = rC1 = rC2 = 0.5Ω, Fs = 50 kHz (7)

where Fs is the converter switching frequency. The cor-
responding control signal-to-output voltage transfer function
ṽ0(s)/ũ(s) is given by

G (s) =
ṽ0 (s)
ũ (s)

=

−3.0924 × 107
(
s − 3.078 × 104

) (
s + 3.923 × 104

)
(
s + 5.884 × 104

) (
s + 3.919 × 104

)
× (

s2 + 129.7s + 2.682 × 104
)

(8)

where the superscript “∼” represents the small signal variations
in the steady-state values such that vo = Vd + ṽ0 and u = Ua +
ũ. In Fig. 2, the curves in solid line are obtained from the transfer
function (8), whereas the curves in dotted line are obtained from
the actual converter circuit implemented in PSIM software. A
good correspondence between the analytical Bode plot obtained
using the state-space model of the converter and the Bode plot
obtained using the actual open-loop converter circuit validates
the accuracy of the averaged state-space model of the converter
at intermediate frequencies.

D. Model Validation Using Time-Domain Technique

Next, in order to verify the accuracy of the large-signal model
of the converter [given by (3)] using the time-domain technique,
some simulations were carried out using Simulink toolbox in
MATLAB version 8.4. The same set of converter parameter val-
ues, given by (7), was used. Fig. 3 shows the output voltage
response of the converter obtained using some duty cycle dis-
turbances. Here, at time t = 0.35 s, the duty cycle was increased
by ∼2% and at time t = 0.55 s, it was restored to its nominal
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Fig. 3. Comparison of the output voltage responses for a 2% disturbance in
the duty cycle.

value. The results show a good correspondence between the
proposed model and the actual electrical circuit simulation of
the converter. As such, the derived large-signal model can be
suitably used to design an appropriate controller for the high
step-up dc–dc converter.

III. ADAPTIVE CURRENT-MODE CONTROLLER DESIGN

In this section, an adaptive current-mode control of a high
step-up dc–dc converter is addressed. The traditional current-
mode controller (of the form used in [16]–[19]) is given first
to demonstrate its shortcoming when applied to systems with
unknown loads.

A. Traditional Current-Mode Controller

The expression of the conventional current-mode controller
is given by

u = Ua − KPt (iL1 − IL1 a
) − KIt

∫ t

0
(vo (τ) − Vd) dτ (9)

where KPt(> 0) and KIt(> 0) are the controller gains and IL1 a

is given by (6). This is just one form of the current-mode control
in which the inductor current and output voltage are used for
feedback purposes (see [16]–[19]). A voltage integral action
is mainly added to reduce the steady-state error in the output
voltage to a negligible value [18]. In (9), IL1 a

is given by IL1 a
=

Vd(Vd + E)/2RE [see (6)]. For implementation purposes, IL1 a

is calculated using the nominal value of the load resistance
R. However, in a practical system, R may change. Also, in
applications where R is unknown, (9) may not be used. To
overcome these problems, the adaptive current-mode controller
is proposed in the following section.

B. Adaptive Current-Mode Controller

When the load and parasitic resistances are unknown, the
following control law can be used:

u = Ua − KP

(
iL1 − ÎL1 a

)
(10)

where

ÎL1 a
=

Vd (Vd + E)
2R̂aE

=
Vd (Vd + E)

2E
θ̂. (11)

In (11), θ̂ is the estimate of θ = 1/Ra ≈ 1/R when rC /R ≈
0 and rC1 /R ≈ 0. Note that, Ra is just the approximation of
R. The proposed adaptation algorithm is described by

dθ̂

dt
= − 2αfm e4

1 + α2e2
4

(12)

where e4 = vo − Vd , and α and fm are user specified positive
constants. Adaptive laws with normalization are used in adaptive
control [25]. Let

f = − 2αfm e4

1 + α2e2
4

(13)

then

df

de4
= −2αfm

(
1 − α2e2

4
)

(1 + α2e2
4)

2 . (14)

Setting (14) to zero yields e4 = ±1/α and substituting this
in (12) gives dθ̂/dt = ±fm . Hence, |dθ̂/dt| ≤ fm for all t. This
shows that the adaptation algorithm (12) has an optimized dθ̂/dt
and it is bounded by fm . Moreover, (12) affords an integral ac-
tion, which is necessary for the adequate operation of a practical
control system.

C. Stability Analysis of the Adaptive Current-Mode Controlled
System

With rC /R ≈ 0, rC1 /R ≈ 0, and Ra ≈ R, an approximate
stability analysis is performed to gain an insight into the adap-
tive current-mode controlled system. The following errors are
defined:

e1 = iL1 − IL1 , e2 = vC − VC , e3 = vC1 − VC1 ,

e4 = vo − Vd, θ̃ = θ̂ − θ. (15)

Now, substituting (15), (10), and (11) into (3) yields the fol-
lowing error dynamics:

de1

dt
≈ −

β
(
1 − Ua + KP e1 − σθ̃

)

2L1
(e1 + IL1 )

+
1 − Ua + KP e1 − σθ̃

2L1
(e2 + VC )

− 1 − Ua + KP e1 − σθ̃

2L1
(e3 + VC1 )

+
Ua − KP e1 + σθ̃

L1
E (16)

de2

dt
≈ −1 − Ua + KP e1 − σθ̃

C
(e1 + IL1 )

− Ua − KP e1 + σθ̃

rC C
(e2 + VC )

+
Ua − KP e1 + σθ̃

rC C
E (17)
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de3

dt
≈ 1 − Ua + KP e1 − σθ̃

2C1
(e1 + IL1 )

− Ua − KP e1 + σθ̃

rC1 C1
(e3 + VC1 )

+
Ua − KP e1 + σθ̃

2rC1 C1
(e4 + Vd)

− Ua − KP e1 + σθ̃

2rC1 C1
E (18)

de4

dt
≈ Ua − KP e1 + σθ̃

rC1 Co
(e3 + VC1 )

− 1
Co

(
1
R

+
Ua − KP e1 + σθ̃

2rC1

)
(e4 + Vd)

+
Ua − KP e1 + σθ̃

2rC1 Co
E (19)

dθ̃

dt
= − 2αfm e4

1 + α2e2
4

(20)

where

σ = KP
Vd (Vd + E)

2E
. (21)

The desired equilibrium point of (16)–(20) is given by
(e1∞, e2∞, e3∞, e4∞, θ̃∞) = (0, 0, 0, 0, 0). Considering the dif-
ficulty of proving the stability of the adaptive current-mode
controlled system, an analysis based on the Lypunov indirect
method is carried out [13]. Linearization of (16)–(20) about the
equilibrium point given by (e1∞, e2∞, e3∞, e4∞, θ̃∞) and using
the approximate values of IL1 , VC , and VC1 yield the following
linearized system of the form [26]:

dy

dt
≈ Ny (22)

where y = [y1 y2 y3 y4 y5 ]T , y1 = e1 − e1∞, y2 = e2 −
e2∞, y3 = e3 − e3∞, y4 = e4 − e4∞, y5 = θ̃ − θ̃∞, and the
matrix N is given in the equation at the bottom of the page.

The linearized system (22) will be stable if all the eigenvalues
of N , i.e., the roots of p5 (s) = | sI − N | = 0, where s is
a complex variable, lie in the open left half of the complex
s-plane. Thus, for a given set of circuit parameters, the controller
gains Kp , fm , and α can be chosen to ensure that the real parts
of the eigenvalues of N are negative. As the polynomial p5(s)
is of high order, the root locus method [27] can be used to

analyze the stability of the closed-loop system. In this method,
any two controller parameters, say α and fm , are kept constant
and the other controller parameter, i.e., Kp is varied until the
eigenvalues of N appear in the right half complex plane. This is
done to determine the range of Kp to ensure the system stability.

The same procedure can be used to find the ranges of stability
of other controller parameters such as α and fm to ensure sys-
tem stability. For illustration purpose, consider the values of the
circuit parameters given by (7). The corresponding polynomial
p5(s) is given by

p5 (s) = s5 + (7091.1Kp + 98167) s4

+
(
6.96 × 108Kp +2.32 × 109) s3

+
(
1.64 × 1013Kp − 6.63 × 109αfm Kp

+ 3.26 × 1011) s2 +
(
3.02 × 1014Kp − 5.6 × 1013

× αfm Kp + 6.19 × 1014) s + 8 × 1018αfm Kp.

(23)

Fig. 4(a) shows the root locus plot of p5(s) using α = 0.25,
fm = 1, and 0 ≤ Kp ≤ 5. The arrows show how the dominant
poles are moving for the increasing values of Kp . Similarly,
Fig. 4(b) shows the root locus plot using α = 0.25, Kp = 2,
and 0 ≤ fm ≤ 2, whereas Fig. 4(c) shows the root locus plot
for fm = 1, Kp = 2, and 0 ≤ α ≤ 0.5. It is clear that in or-
der to ensure system stability, there are limits to the values of
Kp , α, and fm to ensure the system stability. As such, small
values of the controller parameters are to be chosen to ensure
system stability. The detailed discussion on the effect of varying
controller gains on the transient response of the system is given
in next section.

Remark 1: If the system (22) is stable, then y → 0. How-
ever, it is worth pointing out that since Ra is just the approxi-
mation of R, θ̂ will not tend to 1/R, but instead it will tend to
1/Ra .

Remark 2: Since linearization is used in this paper to analyze
the system stability, the results are valid only in the neighbor-
hood of a specific operating point. A weakness of the paper
is that the proof of global stability of the proposed adaptive
current-mode controlled scheme is not shown. However, it is
worth noting that the semiglobal asymptotic stabilizing proper-
ties of the conventional current-mode control of the traditional
dc–dc boost converter have been established [28].

N

=

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

−β (1−Ua )−βKp IL 1 a
+Kp VC a −Kp VC 1 a

−2Kp E

2L1

(1−Ua )
2L1

− (1−Ua )
2L1

0 βσIL 1 a
−σVC a +σVC 1 a

+2σE

2L1

−(1−Ua )rC −Kp rC IL 1 a
+Kp VC a −Kp E

rC C
−Ua

rC C 0 0 σIL 1 a
rC −σVC a +σE

rC C

(1−Ua )rC 1 +Kp rC 1 IL 1 a
+2Kp VC 1 a

−Kp Vd +Kp E

2rC 1 C1
0 −Ua

rC 1 C1

Ua

2rC 1 C1

−σIL 1 a
rC 1 −2σVC 1 a

+σVd −σE

2rC 1 C1

−2Kp VC 1 a
+Kp Vd −Kp E

2rC 1 Co
0 Ua

rC 1 Co

−Ua

2rC 1 Co
− 1

RCo

2σVC 1 a
−σVd +σE

2rC 1 Co

0 0 0 −2αfm 0

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
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Fig. 4. Root locus plots: (a) for α = 0.25, fm = 1, and 0 ≤ Kp ≤ 5; (b) for α = 0.25, Kp = 2, and 0 ≤ fm ≤ 2; and (c) for fm = 1, Kp = 2, and
0 ≤ α ≤ 0.5.

Fig. 5. Output voltage response for varying controller gains: (a) for α = 1, fm = 1, and varying Kp ; (b) for Kpa = 0.1, fm = 1, and varying α; and (c)
for Kpa = 0.1, αa = 0.25, and varying fm .

D. Effect of Controller Gains on the Output Response

Since there are three controller gains associated with the
proposed controller given by (10)–(12), some MATLAB-based
simulations were conducted to investigate their effect on the
transient output response of the system. This will help the de-
signer to select the appropriate values for the controller gains to
achieve the desired output response. The same set of converter
parameter values, given by (7), was used to obtain the results.

In the initial selection of Kp, α, and fm , Kp is chosen to be
“small,” whereas α and fm are set to 1. To obtain a satisfactory
response, two parameters, i.e., α and fm are kept constant,
whereas the other one, i.e., Kp is fine tuned to give the “best”
response. It was found that as the value of Kp increases, the
overshoot and the settling time of the transient output response
also increase as shown in Fig. 5(a). Thus, the appropriate small
value of Kp , i.e., Kpa is initially chosen to obtain a fast output
response with minimum overshoot. Next, Kpa and fm are kept
constant, whereas α is varied to achieve an improved response.
As can be seen from Fig. 5(b), as the value of α increases, the
oscillations in the response also increase. Thus, the controller
gain α is fine tuned to its optimum value, say αa , to obtain a
smooth steady-state response with the least oscillations. Finally,
once the appropriate values Kpa and αa are obtained, the gain
fm is varied to give a further improved response. Fig. 5(c) shows
the effect of the varying controller gain fm on the output voltage
response of the converter.

IV. EXPERIMENTAL RESULTS

In this section, some experimental results are provided to
validate the effectiveness of the proposed adaptive current-mode
controller for the high step-up dc–dc converter. The performance
of the proposed controller is compared with that of the traditional
current-mode controller of the form used in [18]. The following
set of circuit parameter values, given by (24), was used to obtain
the results. Also, the switching frequency used was 10 kHz.

E = 3.3V, Vd = 25V, L1 = L2 = 1mH,

C = C1 = C2 = C0 = 68μF, R = 2kΩ. (24)

A. Traditional Current-Mode Control

The current-mode controller (9) was first implemented to reg-
ulate the high step-up dc–dc converter [18]. For implementation
purposes, a voltage feedback factor (β = 1/10) was used in (9)
and the modified control law is given as follows:

u = Uas − KPt (iL1 − IL1 a
) − KIt

∫ t

0
(vos (τ) − Vds) dτ

(25)
where Uas = (Vds − 3Es)/(Vds + Es), vos = βvo , Vds = βVd ,
and Es = βE. Fig. 6(a) shows the output voltage response and
corresponding control signal for a step change in the reference
voltage from Vd = 0V to Vd = 25V and a change in the load
resistance from R = 2kΩ to R = 0.667 kΩ and vice-versa.
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Fig. 6. Output voltage response and control signal obtained using the traditional current-mode controller for a step change in the reference voltage from Vd = 0 V
to Vd = 25 V, followed by a change in the load resistance from R = 2 kΩ to R = 0.667 kΩ and vice versa: (a) Using KPt = 2 and KIt = 5; and (b) Using
KPt = 2 and KIt = 0.5.

Fig 7. Output voltage response and control signal obtained using the adaptive current-mode controller: (a) step change in the reference voltage from Vd = 0 V
to Vd = 25 V, followed by a change in the load resistance from R = 2 kΩ to R = 0.667 kΩ (vice versa); (b) change in the load resistance from R = 2 kΩ
to R = 4 kΩ and vice versa; (c) change in the input voltage from E = 3.3 V to E = 2.5 V and vice versa; and (d) change in the reference voltage from
Vd = 25 V to Vd = 35 V and vice versa.

Here, KPt = 2 and KIt = 5 were used. It can be seen that
even though the output voltage was rapidly restored to its de-
sired value Vd after the onset of load disturbances, the response
had a considerably large overshoot when KIt = 5 was used.
Fig. 6(b) shows the transient output response and the load change

response of the converter obtained using KIt = 0.5. It is evi-
dent that as the value of the integral gain KIt was decreased,
the overshoot of the transient response was reduced but at the
expense of an increased settling time of the load change re-
sponse. Therefore, there is a tradeoff between the overshoot and
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the settling time of the output response when the traditional
current-mode controller of form (9) is used to regulate the high
step-up dc–dc converter.

B. Adaptive Current-Mode Controller

The adaptive current-mode controller of the form (10)–(12)
was next implemented using simple analog components. The
division and multiplication functions were realized using the AD
633 Chip. The inductor current was measured using the Hall-
effect sensor LTS-6NP from LEM. Also, in order to implement
the PWM-based current-mode controller, the control signal for
the switch was generated using a comparator IC LM311 and
a triangular waveform of magnitude 1 Vpeak−peak . Moreover,
for implementation purposes, a voltage feedback factor β was
introduced in (10) to give

u = Uas − KP

(
iL1 − ÎL1 a s

)
(26)

where

ÎL1 a s =
Vds (Vds + Es)

2Es
θ̂s ,

dθ̂s

dt
= −2αcfmce4s

1 + α2
c e

2
4s

,

αc =
α

β
, fmc =

fm

β
.

Here, θ̂s = θ̂/β and e4s = βe4 represent the scaled values of
θ̂ and e4 , respectively. The scaling factor was set as β = 1/10.
Also, the values of KP , αc , and fmc used were 2, 1, and 1,
respectively to achieve satisfactory responses.

Fig. 7(a) shows the transient output response and correspond-
ing control signal for a step change in the reference voltage from
Vd = 0V to Vd = 25 V and a change in the load resistance
from R = 2kΩ to R = 0.667 kΩ and vice-versa. It can be seen
that as compared to Fig. 6, an almost critically damped transient
output response was obtained with negligible overshoot. Also,
the load change response has a comparatively less worst case
settling time of ∼0.4 s as compared to the worst case settling
time of ∼1.2 s obtained using the current-mode controller (9).
Fig. 7(b) shows the output voltage response and corresponding
control signal of the converter when the load resistance R was
changed from 2kΩ to 4 kΩ and vice versa. Next, the ability of
the proposed controller to handle the input voltage as well as the
reference voltage variations was investigated. Fig. 7(c) shows
the output voltage response for a change in the input voltage
from E = 3.3V to E = 2.5V and vice versa. The output volt-
age was rapidly restored to the desired Vd after the onset of the
input voltage disturbances. Fig. 7(d) shows the output voltage
response and the control signal when Vd was changed from 25 to
35V and then back to 25V. These results verify the effective-
ness of the adaptive current-mode controller for the regulation
of the high step-up dc-dc converter.

V. CONCLUSION

The modeling of the high step-up dc–dc converter and its con-
trol using an adaptive current-mode approach was addressed.
The modeling took into account of the presence of some par-
asitic resistances in the converter circuit in order to obtain the

averaged converter dynamics. The accuracy of the derived model
of the converter was verified via both frequency-domain and
time-domain techniques. In addition, an adaptive current-mode
controller for the converter in the presence of an unknown load
was proposed. As compared to the existing current-mode con-
troller, the proposed controller has better regulation properties
as borne out by the experimental results. As the structure of the
proposed controller is quite generic, the control law can also
be used for the regulation of other high-order dc–dc convert-
ers. Moreover, the proposed adaptive law can be combined with
other state-of-the-art controllers like SMCs to improve their
regulation properties.

APPENDIX

The generalized small-signal model of the converter is derived
by linearizing (3) around the equilibrium point given by (5)–(6).
If some small ac perturbations are introduced in the system about
the steady-state equilibrium point, the resulting output response
can be decomposed into two parts, viz., the ac terms and the dc
terms. Neglecting the dc terms (since their derivative are zero)
and focusing on the ac behavior, a small-signal linear model of
the high step-up dc–dc converter can be obtained as

˙̃x = ax̃ + bũ (A1)

ỹ = cx̃ (A2)

where ũ represents the small signal variations in the duty cycle
u, i.e., u = Ua + ũ and x̃ represents the small signal vari-
ations in the state variables such that x̃ = [̃iL1 ṽC ṽC1 ṽo ]T .
Also, ỹ = [ṽo ] denotes the small signal variations in the output.
Matrices a, b, and c are given by

a =

⎡
⎢⎢⎢⎢⎢⎣

− β (1−Ua )
2L1

1−Ua

2L1
− 1−Ua

2L1
0

− 1−Ua

C − Ua

rC C 0 0
1−Ua

2C1
0 − Ua

rC 1 C1

Ua

2rC 1 C1

0 0 Ua

rC 1 Co
− Ua

2rC 1 Co

⎤
⎥⎥⎥⎥⎥⎦

,

b =

⎡
⎢⎢⎢⎢⎣

1
2L1

(βIL1 a
− VCa + VC1 a

+ 2E)
1

rC C (rC IL1 a
− VCa + E)

1
2rC 1 C1

(−rC1 IL1 a
− 2VC1 a

+ Vd − E)
1

2rC 1 C1
(2VC1 a

− Vd + E)

⎤
⎥⎥⎥⎥⎦

, and

cT =
[
0 0 0 1

]
. (A3)

The control-to-output transfer function of the converter can
now be easily obtained by applying the Laplace transform to
(A1) and (A2) and using the zero initial conditions. The transfer
function is given by

ṽ0 (s)
ũ (s)

= c(sI − a)−1b (A4)
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