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ABSTRACT Current-mode control is a commonly utilized control strategy for the step-up power converters
because these converters’ control-to-output transfer function contains right-half plane zeros. The main
concern associated with the recent dual-loop current-mode controller (CMC) is that the integrator operates
on the error term itself. Thus, integrand can assume extremely large values when error is large such as during
transient response, and the controller output may saturate, especially when sufficiently large controller gains
are used. If lower gain values of gains are used, the speed of response in the presence of small parameter
variations could be much lower. Thus, there is a compromise between the transient response when error
signal is large and speed of the response for small error signals. To address these concerns, an improved
normalized-error based current-mode controller (NECC) is employed for voltage regulation in a sixth-order
boost configuration. This controller’s main characteristic is that the integrator now operates on a bounded
integrand which is a normalized-error. This avoids the integrator saturation and also increase the room for
tuning the controller gains. The state-space averaged model of the topology is given and a detailed stability
analysis is shown. The main contribution of the paper is that a detailed comparative study of the traditional
CMC and an improved NECC based on some simulation and experimental waveforms is provided. Both
simulation and experimental outcomes clearly prove the superiority of the proposed NECC in terms of an
improved speed and less overshoot of the output voltage response.

INDEX TERMS High-order boost converter, current-mode control, normalized-error.

I. INTRODUCTION
The boost-type power converters are needed in fields such
as renewable energy systems, electric vehicles, etc. [1],
[2], [3], [4], [5]. For instance, interest in renewable energy
resources in general has surged due to recent increases in the
cost of fossil fuels and new regulations aimed at reducing
CO2 emissions. Thus, leading renewable energy technologies
that are attracting a lot of attention include fuel cells and
photovoltaics (PVs). However, an output of a PV module
fluctuates due to sunlight, much as a voltage of a fuel
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cell normally fluctuates by a ratio around 2:1. Therefore,
these renewable energy methods require a regulated dc–dc
converter due to their low variable voltage [4].

The traditional boost converter which is of the second
order is most common alternative. But the main issue
associated with this orthodox boost converter is that its
gain is low because of parasitic components of its passive
components [6]. Due to practical limitations, a conventional
boost converter’s output voltage can only be around six times
its supplied voltage [7]. Thus, in order to achieve a high
gain, several isolated as well as non-isolated topologies are
used recently [7], [8], [9], [10], [11], [12], [13], [14], [15],
[16], [17], [18], [19], [20], [21], [22], [23], [24], [25], [26].
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However, using a transformer to build a topology would
result in an increased size and expense of the converter if
the application did not need isolation. It would also lead
to increased losses. To address this concern, a high-order
step-up dc-dc system is a suitable option to achieve large
gain at a lower duty ratio. Thus, numerous topologies of
such high-order transformer-less converters are presented in
literature [12], [13], [14], [15], [16], [17], [18], [19], [20],
[21], [22], [23], [24], [25], [26]. Initially the topologies
with multiple active switches were used. For instance, the
cascade converter used in [15] is capable of providing a high
voltage while maintaining a high efficiency. But, the primary
drawback of this system is its increased cost and complexity
due to the use of two dc-dc converters having multiple active
switches. Several power switches in the cascade converter
not only led to more complexity of implementation as they
need to be synchronized but also makes the analysis tedious.
This makes topologies with a single active switch a preferred
choice. Some of these higher order topologies with a single
active switch include the multilevel boost converters of [23],
the hybrid boost converter of [24], converters with a voltage
multiplier cell of [12], the quadratic boost converters of [25],
and Luo converter discussed in [11] to name a few.
Among these, the sixth-order high step-up converter

of [7] is an attractive solution. This configuration employs
a switched-capacitor approach, offer a large gain without
employing a large switching duty cycle and permit the usage
of a reduced voltage and resistance semiconductor switch in
order to decrease costs as well as on-state losses.

Despite such several advantages offered by this high-order
dc-dc converter, there is a scarcity of work on its control. First,
since it is a boost-type dc-dc converter, its open-loop transfer
function (ratio of output voltage vs duty ratio) is of non-
minimum phase in nature. This does not allow the designer to
implement its control by simply employing voltage feedback.
This is due to the fact that if an open-loop transfer function has
right-half s-plane zeroes, the resulting closed-loop transfer
function would be unstable as open-loop zeroes often reflect
in closed-loop poles.

To solve this issue, a CMC can be employed which can
provide stability to the system. Some of the recent works on
the current-mode control for the high-order power converters
include a dual-loop controller for the Luo converter discussed
in [17], a two-loop control system for the boost converter with
a voltage multiplier cell in [18], and a linear multiloop control
of quasi-resonant converters of [19]. In these schemes, a two-
loop regulation method is employed in which an inner-loop
is based on current feedback and the reference for this is
provided by an outer voltage loop based on output voltage
feedback. Apart from this, some dual-loop sliding-mode
controllers to achieve the voltage regulation in the boost
converters are also implemented in the past. For example,
in [20] and [22], a constant-frequency PWM-based sliding-
mode current controllers are presented for the Cuk converter
and quadratic boost converter respectively. The hysteresis-
based implementation of this dual-loop sliding-mode control

for the quadratic boost converter is addressed in [21]. Even
though there has been a considerable amount of work on such
indirect control of high-order power topologies, a few issues
still need to be resolved to improve the overall quality of a
transient response.

Most of the current-mode (CM) and other dual-loop
controllers discussed so far for the high-gain topologies use
an error signal itself as an integrand. The drawback of this
is that when error is large for an initial transient, if a larger
integral gain is also employed, the overshoot in the response
could increase. The control signal may saturate too. If a
saturation block is used to overcome this issue, the control
action could be lost and a system starts behaving as an open
loop. If a small value of integral gain is used, the speed of the
output response becomes lower when parameter variations
such as load and input changes are introduced. Because
there is a compromise among the overshoot and speed of the
responses, tuning the controller gains is therefore a not an
easy issue.

In this article, an improved normalized-error based CM
control (NECC) scheme for the sixth-order boost-type
topology is proposed. The main attribute of the NECC
controller is that the integral action operates on an error signal
which is normalized and always limited by a user defined
constant value. Thus, even in the presence of large errors,
integrand does not take very large values which can provide
more room for selection of controller gain while avoiding the
saturation too. The averaged model of the system is shown
and its steady-state values are defined. Also, the thorough
stability study of the converter based on the proposed NECC
is demonstrated. The main contributions of the paper are: i)
the significance of structure and a detailed stability analysis
of the normalized-error based CM control for the sixth-
order boost converter is shown and ii) a thorough transient
performance comparative study of the traditional CM control
scheme and an improved normalized-error based control
scheme is presented to underline the advantages offered by
the later. Notably, this study is provided using both simulation
and experimental results.

The article is organized as given. Section II addresses
the modeling and steady-state analysis of the system.
In section III, the structure of the NECC controller is
presented along with the comprehensive stability study of
the closed-loop system. In section IV and V, a comparative
study involving two controllers is presented using simulation
and experimental set-ups respectively. Lastly, section VI is a
conclusion.

II. MODELING OF THE SIXTH-ORDER BOOST CONVERTER
The sixth-order dc-dc converter circuit with parasitic resis-
tances is depicted in Fig. 1. The expressions of the component
stress values of this topology can be found in [7]. In this Fig 1,
E is the input voltage, and R is the load resistance. Also, the
two inductors are L1 and L2 and capacitors are denoted by
C1, C2 and Co respectively. The parasitic resistances values
of these capacitors are given by rC , rC1 , rC2 resp. For initial
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FIGURE 1. Sixth-order power converter: (a) Converter Schematic;
(b) semiconductor switch if off state; (c) semiconductor switch if on state.

analysis, the general symbols are used in this section to obtain
the model and show the stability analysis. Later, the exact
values of these parameters are used for simulation purposes
and these values are given in section V. The working of its
circuit can be dealt in two phases, ‘‘Stage 1’’ occurs if switch
‘‘S’’ is off state (see Fig. 1(b)) and ‘‘Stage 2’’ occurs when
‘‘S’’ is on state (see Fig. 1(c)), given that the configuration is
functioning in continuous mode of conduction.

For simplicity two inductors L1 and L2 in the circuit are
assumed to be of the same value. Similarly, C1 = C2 and
rC1 = rC2 was used. This allows the dynamics of two
currents flowing through L1 and L2 to be represented by the
same equation. Also, the dynamics of voltages across C1
and C2 can be depicted by a single equation. When switch
‘S’ is turned off (see Fig.1(b)), the differential equations
representing this phase of operation are given by:

(
dx1
dt

)
ON

=
rC + rC1/2

2L1
x1 +

1
2L1

x2 −
1
2L1

x3 (1a)(
dx2
dt

)
ON

= −
1
C
x1 (1b)(

dx3
dt

)
ON

=
1

2C1
x1 (1c)(

dx4
dt

)
ON

= −
1
RCo

x4 (1d)

where x1 = iL1 is inductor L1’s current, and x2, x3, and x4 are
the voltages across capacitors C , C1, and Co respectively.
Similarly, when switch ‘S’ is ON, we get,(
dx1
dt

)
OFF

=
1
L1
Vin (2a)(

dx2
dt

)
OFF

= −
1

rCC
x2 +

1
rCC

Vin (2b)(
dx3
dt

)
OFF

= −
1

rCC1
x3 +

1
2rC1C1

x4 −
1

2rC1C1
Vin (2c)(

dx4
dt

)
OFF

= −
1

rC1Co
x3 −

(
1
RCo

+
1

2rC1Co

)
x4

+
1

2rC1Co
Vin (2d)

where Vin = E is the supply voltage. We can also assume that
γ = rC + rC1/2 for simplicity.
The following averaged state-space model is obtained

using (1) and (2).

dx1
dt

=

(
rC + rC1/2

2L1
x1 +

1
2L1

x2 −
1
2L1

x3

)
d

+
1
L1
Vin (1 − d) (3a)

dx2
dt

= −

(
1
C
x1

)
d −

(
1

rCC
x2 +

1
rCC

Vin

)
(1 − d) (3b)

dx3
dt

=

(
1

2C1
x1

)
d

−

(
1

rCC1
x3 +

1
2rC1C1

x4 −
1

2rC1C1
Vin

)
(1 − d)

(3c)
dx4
dt

=−

(
1
RCo

x4

)
d−

(
1

rC1Co
x3−

(
1
RCo

+
1

2rC1Co

)
x4

+
1

2rC1Co
Vin

)
(1 − d) (3d)

Here, d is a control signal provided dϵ(0, 1) and d′
= 1 − d.

The following equilibrium values can be achieved by
keeping (3) to zero.

X1 =
2VinD (D+ 3)

(1-D)
(
−RD2 + RD+ 4rC + 2rC1

) ,
X2 =

Vin
(
2rC1 − 2rc + RD− 2rcD− RD2

)(
−RD2 + RD+ 4rC + 2rC1

) ,

X3 =
Vin

(
2rC1 − 2rc + RD+ rC1D+ RU2

)(
−RD2 + RD+ 4rC + 2rC1

) ,

X4 =
VinRD (D+ 3)(

−RD2 + RD+ 4rC + 2rC1

) (4)

Here, D,X1,X2, X3 and X4 are nominal values of d , x1, x2, x3
and x4 respectively.

If we assume rC
R ≈ 0 and

rC1
R ≈ 0, simplified values can

be obtained. Therefore, using (4), the approximation of D is:

Da =
Vref − 3Vin
Vref + Vin

(5)
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Here, Vref is the required output reference voltage. Substitut-
ing (5) in (4) and assuming rC

R ≈ 0 and
rC1
R ≈ 0 we get:

X1a =
Vref (Vref + Vin)

2RVin
,X2a = Vin, X3a =

Vref − Vin
2

(6)

where X1a is the approximate value of X1, X2a is the
approximation of X2 and X3a is the approximations of X3.

III. DESIGN OF NORMALIZED-ERROR-BASED
CURRENT-MODE CONTROL
The strategy of a normalized-error based CM control (NECC)
for a given converter topology is covered in this section.
To appreciate the significance of this controller, the form of
the standard CM control (CMC) for the high-order topology
is stated below [27]:

d = Da −MPt (x1 − X1a) −MIt

∫ t

0

(
x4(τ ) − Vref

)
dτ (7)

The system’s error actually is the integrand in (7), which is the
component on which the integrator functions. This integrand
can assume extremely large values such as during transient
response, and the controller output may saturate, especially
when sufficiently large gain of integration is utilized. For
lower control gain values, when there are fluctuations in the
load resistance and supply of the converter, the speed of
response while reaching the desired reference could be much
lower. Thus, we get a tradeoff between the controller response
for higher error values and the transient response for changes
in system parameters.

Therefore, a NECC is suggested in order to overcome
these drawbacks of the conventional CMC. Adaptive control,
as covered in [28], uses adaptive rules with normalization.
This enhanced controller scheme’s form is shown below:

d = Da −MP

(
x1 − X̂1a

)
(8)

where

X̂1a =
Vref

(
Vref + Vin

)
2R̂aVin

=
Vref

(
Vref + Vin

)
2Vin

ϑ̂ (9)

where ϑ̂ = 1
/
R̂a. Here, R̂a is the approximate value of R.

In (9), ϑ̂ is described by:

d ϑ̂

dt
= −

2µdmr4
1 + µ2r24

(10)

Here, r4 which is equal to x4 − Vref and two gains µ as well
as dm are fixed values to be tuned by a user. It is worth noting
that the integrand ϑ̂ is now based on a normalized value of
the error signal. This term is bounded by dm as shown below.
Let,

n = −
2µdmr4
1 + µ2r24

(11)

then

dn
de4

= −
2µdm(1 − µ2r24 )

(1 + µ2r24 )
2

(12)

FIGURE 2. Integrand vs error: (a) for the standard CM control (CMC);
(b) for the proposed normalized-error current-mode controller (NECC)
using µ = 0.5 and dm = 1.

Equating (12) to zero leads to r4 = ±
1
µ
and putting it in (12)

gives d ϑ̂
dt = ±dm. Hence, | d ϑ̂

dt | ≤ dm for all t .
Fig. 2 below shows the graph of integrand vs. error for

both the standard CM control of (7) and the proposed NECC
of (8) – (10). For (7), the integrand is the error itself and
thus, its value is very large when error becomes very large.
However, the integrand of the proposed controller is bounded
by dm.
Remark: The overall structure of the proposed controller

is given by (8) – (10). It is worth mentioning that eq. (8)
and (10) are generic and can be readily applied to other
topologies of the recent high-order dc-dc converters such as
those used in [29], [30], and [31]. For Eq. (9), it is based on
the expression of the steady state inductor current of the dc-
dc converter. Thus, for any type of the dc-dc converter, if the
expression of the steady-state inductor current is known, the
control law can be obtained by replacing the load resistance
term by its estimated value such that ϑ̂ = 1

/
R̂a and this

estimation is in turn calculated using (10).

IV. STABILITY ANALYSIS
Assuming rC

R ≈ 0,
rC1
R ≈ 0 and Ra ≈ R, a stability study is

accomplished to learn more about the CM controlled adaptive
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system. The below error terms are used:

j1 = x1 − X1, j2 = x2 − X2, j3 = x3 − X3, j4 = x4 − Vref ,

ϑ̃ = ϑ̂ − ϑ (13)

Now, putting (13), (8) and (9) into (3) yields system dynamics
as:

dj1
dt

≈ −

γ
(
1-Da +MPj1 − σ ϑ̃

)
2L1

(x1)

+
1 − Da +MPj1 − σ ϑ̃

2L1
(x2)

−
1 − Da +MPj1 − σ ϑ̃

2L1
(x3) +

Da −MPj1 + σ ϑ̃

L1
Vin

(14)

dj2
dt

≈ −
1 − Da +MPj1 − σ ϑ̃

C
(x1) −

Da −MPj1 + σ ϑ̃

rCC
(x2)

+
Da −MPj1 + σ θ̃

rCC
Vin (15)

dj3
dt

≈
1 − Da +MPj1 − σ ϑ̃

2C1
(x1) −

Da −MPj1 + σ ϑ̃

rC1C1
(x3)

+
Da −MPj1 + σ ϑ̃

2rC1C1
(x4) −

Da −MPj1 + σ ϑ̃

2rC1C1
Vin

(16)

dj4
dt

≈
Da −MPj1 + σ ϑ̃

rC1Co
(x3)

−
1
Co

(
1
R

+
Ua −MPj1 + σ ϑ̃

2rC1

)
(x4)

+
Ua −MPj1 + σ ϑ̃

2rC1Co
Vin (17)

d ϑ̃

dt
= −

2µdmr4
1 + µ2r24

(18)

where

σ = MP
Vref

(
Vref + Vin

)
2Vin

(19)

The required equilibrium values of (14) – (18) is given by(
j1∞, j2∞, j3∞, j4∞, ϑ̃∞

)
= (0, 0, 0, 0, 0). Given the chal-

lenge of demonstrating the NECC system’s stability, a study
utilizing the Lypunov indirect technique is conducted [32].
Linearizing of (14) – (18) about

(
j1∞, j2∞, j3∞, j4∞, ϑ̃∞

)

and leads to the linearized system given by:

dk
dt

≈ Gk (20)

where k = [k1 k2 k3 k4 k5]T , k1 = j1 − j1∞, k2 = j2 − j2∞,
k3 = j3 − j3∞, k4 = j4 − j4∞, k5 = ϑ̃ − ϑ̃∞, and the matrix
G is given below (see at the bottom of page):
The system (20) is stable only when eigen values for G,

i.e., the roots of p5 (s) = |sI − G| = 0, where s is a
Laplace variable, stay in the LHS of the s-plane. Therefore,
given system variables the controller Considering high-
order of p5 (s), system stability is analyzed using root locus
method [33]. This approach involves holding constant two
control gains, such asµ and dm, fixed and the remaining gain,
i.e., Kp is changed till all pole cross the stable region of the s-
plane. This is performed to find the values ofMP to ascertain
the stability. To guarantee system stability, the ranges of
additional controller parameters, such as µ and dm, may be
found using the same process. Let us take into consideration
the circuit values provided by (21) as an example.

E = 3.3V ,Vref = 25V ,L1 = 1 mH ,L2 = 1 mH ,C = 68µF,

C1 = 68µF,C2 = 68µF,C0 = 68µF,R = 1k� (21)

rC = rC1 = rC2 = 0.5� (22)

Fig. 3(a) depicts the varying roots p5 (s) when µ = 0.25,
dm = 1 and 0 ≤ Mp ≤ 5. The variation of poles with
increasing MP is depicted by an arrow. Similarly, Fig. 3(b)
illustrates the varying poles employing µ = 0.25, MP =

2 with 0 ≤ dm ≤ 2 and Fig. 3(c) displays the pole’s plot
when dm = 1, MP = 2 and 0 ≤ µ ≤ 0.5. It is evident
that there are bounds to the values of MP, µ, and dm in order
to maintain system stability. Then next section provides a
thorough explanation of how changing controller gains affect
the system’s transient response. G, as shown in the equation
at the bottom of the page.

V. CONTROLLER GAINS’ IMPACT ON THE OUTPUT
RESPONSE
Several simulations were done using MATLAB Simulink
2023b to examine the impact of the three control system’s
gains linked to the system’s transient output response. This
will assist the designer in determining the proper controller
gain levels to produce the intended output curve. These
simulation outcomes were obtained employing the identical
values of converter parameters, as indicated by (21). Initially,
a ‘‘small’’ Mp is selected while µ and dm were fixed to

G =



−γ (1-Da)−γMpX1a+MpVCa−MpX2a−2MpVin
2L1

(1-Da)
2L1

−
(1-Da)
2L1

0 γ σX1a−σX2a+σX3a+2σVin
2L1

−(1-Da)rC−MprCX2a+MpX2a−MpVin
rCC

−Da
rCC

0 0 σX1arC−σX2a+σVin
rCC

(1-Da)rC1+MprC1X1a+2MpX3a−MpVd+MpVin
2rC1C1

0 −Da
rC1C1

Da
2rC1C1

−σ IL1a rC1−2σX3a+σV ref −σVin
2rC1C1

−2MpX3a+MpVref −MpVin
2rC1Co

0 Da
rC1Co

−Da
2rC1Co

−
1

RCo
2σX3a−σV ref +σVin

2rC1Co
0 0 0 −2µdm 0


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FIGURE 3. Closed loop poles when: (a) when µ is 0.25, dm is 1 with
0 ≤Mp≤ 5; (b) when µ is 0.25, Mp is 2 with 0 ≤ dm≤ 2; (c) when dm is 1,
Mp is 2 with 0 ≤ µ ≤ 0.5.

1. Then µ and dm, are fixed while Mp is varied to fine
tune its value to get the low overshoot and settling time.
From Fig. 4(a), it is evident that there is an increase in
the transient output response’s overshoot and speed as Mp
increases. In order to get a quick output response with the

FIGURE 4. System load voltage response: (a) when µ is set to 1, dm is set
to 1 and changing Mp; (b) when Mpa is set to 0.1, dm is set to 1 and
changing µ; (c) when Mpa is 0.1, µa0.25 and changing dm.

least amount of overshoot, the proper tiny value of Mp, say
Mpa, is first selected. Next, in order to get a better response,
µ is modified while Mpa and dm remain fixed. As seen by
Fig. 4(b), the response’s oscillations grow in tandem with an
increase in µ. In order to get a good response at steady-state
having the fewest oscillations, another gain of the control
scheme i.e. µ is adjusted to its ideal, let it be µa. After
determining the correct values forMpa and dm, the quality of
output curve is further enhanced by varying the gain dm. The
impact of the variable dm on the converter’s response is seen
in Fig. 4(c).
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FIGURE 5. Transient and load change response (1k� to 0.66k� and again
changed to 1k�) using traditional CMC: (a) for MPt = 0.1 and MIt = 1; (b)
for MPt = 0.1 and MIt = 3; (c) for MPt = 0.1 and MIt = 5; (d) for
MPt = 0.1 and MIt = 10.

VI. SIMULATION COMPARATIVE STUDY OF THE
TRADITIONAL AND NORMALIZED-ERROR-BASED
CURRENT-MODE CONTROLLERS
In this section, a detailed comparative study of the traditional
CMC and an improved NECC is illustrated. The converter
values as used in (21) were employed to get the outcomes.

FIGURE 6. Transient and load change response (1k� to 0.66k� and again
to 1k�) using proposed NECC.

FIGURE 7. Experimental results obtained using typical orthodox CMC
of (7) showing transient response from 0V to 25V and load change
response when load was changed from 2k� to 667� obtained using
MPt = 2 and: (a) MIt = 5; (b) = MIt = 0.5.

A. USING TRADITIONAL CMC
Initially, the traditional CMC given by (7) is applied to
obtain the load-side voltage control of the sixth order step-
up topology. Fig. 5 shows the output response obtained in
PSIM for diverse range of control parameters. Both the
transient response and load variation responses are shown
and the consequence of changeable control parameters on
the waveform is checked. The load is changed from 1k�
to 0.66k� at t ∼ 0.75 s and then again to 1k� at t ∼

2.2s. Fig. 5(a) shows the load voltage curve obtained using
MPt = 0.1 andMIt = 1. Evidently, the transient curve has an
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FIGURE 8. Block diagram of NECC controller implementation.

overshoot of ∼30% and load change curve has settling time
of ∼500 msec. Similarly, Fig. 5(b-d) shows the load voltage
curve using MPt = 0.1 and MIt = 3, MIt = 5 and MIt =

10 respectively. Evdiently, as the value ofMIt increases, even
though the speed of the load variation response improves, the
overshoot in the transient response increases. Thus, a trade-
off exists between an overall response’s overshoot and speed.

B. USING PROPOSED NECC
Next, some simulation results based on improved NECC of
the form (8) – (10) are given.
Fig. 6 depicts the output attained using the proposed

NECC. Here, MP = 1.5, dm = 1 and µ = 1 was employed.
It can be seen that both low overshoot of the transient curve
and high speed of the response when load was changed were
achieved simultaneously.

VII. EXPERIMENTAL COMPARATIVE STUDY OF THE
TRADITIONAL AND NORMALIZED-ERROR-BASED
CURRENT-MODE CONTROLLERS
In this part, some experimental findings are shown to support
the efficacy of the suggested NECC for the sixth-order
converter. The typical CMC of the form (7) and the proposed
NECC controller’s performance are compared. The converter
values used were:

E = 3.3V ,Vd = 25V ,L1 = 1 mH ,L2 = 1mH ,C = 68µF,

C1 = 68µF,C2 = 68 µF,C0 = 68µF,R = 2k�

A. USING ORTHODOX CMC
The sixth-order topology was initially controlled by the
orthodox CMC (7). For realization of (7), a feedback gain
of 0.1 was used for implementation. The response of the
controller for different values of the controller gains was
obtained.

Initially, the transient response of the system was obtained
for higher integral gain and it is depicted in Fig. 7(a). The
reference was moved from 0V to 25V followed by a change
in the load from 2k� to 667�. Fig. 7(a) was obtained using
MPt = 2 and MIt = 5 and Fig. 7(b) shows the similar
response obtained using MPt = 2 and MIt = 0.5. It is

FIGURE 9. Experimental results using proposed NECC (a) Transient
response from 0V to 25V and load change response when load was
changed from 2k� to 667�; (b) Line change response when supply
changed from 3.3V to 2.5V and again bought back to 3.3V; (c) Nominal
voltage changed from 25V to 35V and bought back to 25V.

evident that the overshoot increased for higher integral gain
values and later, speed of the response was affected when low
integral gain was used. That is, when a typical CMC given
by (7) is employed for regulation of the sixth-order converter,
there was a compromise between the overshoot and speed of
the response.

B. USING PROPOSED NECC
Next, an improved NECC was employed was used to achieve
regulation in a sixth-order topology. The controller given
by (8) – (10) was employed with a feedback gain of 0.1. Fig. 8
shows the block diagram of the controller implementation.
Here, the gains used were:MP = 2, dm = 1 and µ = 1.
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TABLE 1. Comparative study of orthodox CMC and proposed NECC.

Initially, the transient response from 0V to 25V was
obtained, followed by a load change curve when fluctuation
in the resistance was from 2k� to 667�. The response
is depicted in Fig. 9(a). It is evident that, in contrast to
Fig. 7, a nearly critically damped transient curve with little
perceptible overshoot was achieved. Fig. 9(b) shows the
output curve when input was changed from 3.3V to 2.5V
and again bought back to 3.3V. Also, Fig. 9(c) represents
response when nominal voltage changed from 25V to 35V
and bought back to 25V. All these results show the improved
performance of the proposed NECC as compared to the
orthodox CMC. Table 1 below shows the detailed comparison
of the transient response parameters when two different
controllers are employed.

VIII. CONCLUSION
An improved normalized error-based CM control scheme
for the sixth-order dc-dc power converter is presented. The
drawbacks of the orthodox current-mode controller which
occur due to the integrand being equal to the output voltage
errors are shown theoretically as well as practically using
some simulation and experimental results. These results
validate that there is compromise between the quality of the
initial transient response and load change response of the

system when this controller is employed. The main feature of
the proposed modified current-mode control is that it uses a
normalized voltage error as its integrand. This not only offers
theoretical advantages such as reduced risk of saturation
during high voltage errors but also allows the usage of larger
controller gains to achieve the fast load change response.
The better performance of this proposed NECC is validated
suing simulation and experimental results. Moreover, the
stability of the closed-loop system based on the proposed
control scheme is proved using the converter’s state-space
model. Lastly, it is also worth mentioning that the form of
the presented NECC is nonspecific to the converter and it can
be employed to other topologies of the dc-dc converters as
well without any modification.
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