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Abstract 

 

This paper presents a robust-optimal control strategy to improve the output-voltage error-tracking and control capability of a 
DC-DC boost converter. The proposed strategy employs an optimized Fractional-order Proportional-Integral (FoPI) controller 
that serves to eliminate oscillations, overshoots, undershoots and steady-state fluctuations. In order to significantly improve the 
error convergence-rate during a transient response, the FoPI controller is augmented with a pre-stage nonlinear error-modulator. 
The modulator combines the variations in the error and error-derivative via the signed-distance method. Then it feeds the 
aggregated-signal to a smooth sigmoidal control surface constituting an optimized hyperbolic secant function. The error-derivative is 
evaluated by measuring the output-capacitor current in order to compensate the hysteresis effect rendered by the parasitic 
impedances. The resulting modulated-signal is fed to the FoPI controller. The fixed controller parameters are meta-heuristically 
selected via a Particle-Swarm-Optimization (PSO) algorithm. The proposed control scheme exhibits rapid transits with improved 
damping in its response which aids in efficiently rejecting external disturbances such as load-transients and input-fluctuations. 
The superior robustness and time-optimality of the proposed control strategy is validated via experimental results. 
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I. INTRODUCTION 

Interest in DC-DC switching power electronic converters 
has gained a lot of momentum due to their enhanced 
conversion efficiency [1]. Owing to their low production cost, 
small size, and large power output, boost converters are 
widely used as the main constituent of the electrical energy 
conversion systems of hybrid electric vehicles, wind-energy 
generators, solar photovoltaic generators, etc. [2]. Boost 
converters increase the average value (DC component) of the 
voltage to a desired level using a high-frequency switching 
transistor [3]. Maintaining the robustness and optimality of a 

boost converter’s output-voltage regulation capability under 
the influence of load-transients and input-voltage fluctuations 
poses a great challenge for research engineers [4], [5].  

Voltage regulation can be optimized by utilizing a well- 
postulated closed-loop feedback control scheme [6]-[9]. One 
of the most widely used model-free voltage-regulation schemes 
is the proportional-integral-derivative (PID) controller [10], [11]. 
It is a simple and stable controller that provides a reliable 
control effort based on the weighted sum of the error-dynamics 
[12]. The integral controller aids in eliminating steady-state 
errors and offers reasonable damping to attenuate overshoots, 
undershoots and persistent oscillations at the expense of the 
systems convergence rate. Meanwhile, the derivative controller 
improves the transitional times but injects high- frequency 
noise into the response. Hence, the derivative control term is 
normally neglected in boost converter controllers [13]. PI 
controllers are unable to compensate unprecedented state- 
variations occurring in complex dynamical systems. Fuzzy 
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controllers are difficult to synthesize because they require a 
lot of training data and elaborate logical rules to deliver 
robust control decisions [14], [15]. Sliding-mode controllers 
offer a robust control effort [16]-[18]. However, they inject 
chattering in the response and expend a lot of control energy 
[19]. The augmentation of integer-order PI controllers with 
fractional calculus enables the control strategy to compensate 
for the effects of the un-modeled intrinsic nonlinearities 
associated with real-world dynamical systems [20], [21]. In 
this case, the conventional integral operator is replaced by a 
fractional-order integral operator [22]. The addition of a 
fractional-order parameter, along with the two PI controller 
gains, increases the degree-of-freedom and design flexibility 
of the controller [23]. However, even an optimized FoPI 
controller can exhibit long transient recovery times and poor 
robustness against exogenous disturbances owing to its lack 
of knowledge regarding the error-derivative information [24]. 
Slow transitions and poor disturbance rejection capability 
deteriorate the efficiency of the power conversion system. 

The novel contribution of this article is the methodic synthesis 
of a robust and time-optimal control scheme for boost-converter 
based power management systems. The proposed strategy 
primarily employs an FoPI controller. In order to improve the 
transient response while maintaining minimal oscillations and 
negligible steady-state error, the FoPI controller is augmented 
with a pre-stage error-modulator. The modulator aggregates the 
incoming instantaneous signals of the error and error-derivative 
using the Signed Distance Method (SDM). Then it feeds them 
to a smooth sigmoidal control surface. The sigmoidal surface 
comprises a Signed Hyperbolic Secant Function (SHSF) that 
depends on variations in the aggregated-signal. The SHSF 
reduces the control effort for very small error variations in 
order to maintain reasonable damping and eliminate the steady- 
state error. When error enlarges, the modulated control signal is 
proportionally amplified in order to improve the disturbance- 
rejection capability and to offer minimum-time transient 
recovery. Under extremely large error-dynamics, the aggregated 
output is bounded within pre-defined limits to prevent the 
control input signal from getting saturated. Consequently, the 
response exhibits rapid transits with minimum oscillations and 
reasonable damping. The proposed augmentation enables the 
controller to effectively reject and recover from the influence 
of load-transients and input fluctuations in minimum time with 
minimal overshoot. In this research, the error-derivative is not 
computed directly using the differentiation of the incoming 
error signals. Instead, it is evaluated indirectly by measuring 
variations in the output-capacitor current [25]. This modification 
suppresses the hysteresis effect caused by parasitic impedances. 
Eventually, the derived modulated signal is fed to the fixed- 
gain FoPI controller, which generates appropriate correction 
effort to maintain reasonable damping and to nullify the 
steady-state fluctuations. The PI controller gains, the exponent 
of the fractional integral-operator, and the hyper-parameters of 

the SHSF are meta-heuristically selected offline using a 
particle swarm optimization (PSO) algorithm [26], [27]. The 
proposed technique is simple and robust. It does not result in a 
recursive computational burden. Thus, it is completely 
practicable. The performance of the proposed control scheme is 
benchmarked against conventional fixed-gain PI and FoPI 
controllers and its efficacy is justified via experimental results. 

The rest of this paper is organized as follows. Section II 
presents details of the experimental setup of the boost converter. 
The theoretical background and construction of the FoPI 
controller are presented in section III. Integration of the 
proposed nonlinear error-modulation scheme with the 
FoPI controller is presented in section IV. The optimization 
process of the controller parameters is explained in section V. 
Experimental tests and a comparative performance assessment 
of the results are presented in section VI. The paper is 
concluded in Section VII. 

 

II. SYSTEM DESCRIPTION 
 

A circuit schematic of a conventional DC-DC boost 
convertor is shown in Fig. 1. The circuit is operated in the 
continuous conduction mode (CCM) due to the changes 
occurring in its configuration when the transistor turns on and 
off in each switching period [28]. The output voltage is 
regulated by dynamically adjusting the duty cycle d applied at 
the gate of the switching transistor (Q). The output voltage (vo) 
of boost converter is given by Equ. (1). 

 = 11 −  (1)

such that: 

 = +  (2)

where ton and toff are the on-time and off-time of the switching 
transistor. The feedback controller adaptively adjusts the 
duty-cycle of the switching period in order to accurately track 
the reference value of vo, even in the presence of load 
variations or input fluctuations. The inductor (L) in the input 
circuit removes abrupt fluctuations occurring in vin. A large 
capacitor (C) is used in the output circuit so that its 
time-constant is higher than the switching period. When Q is 
turned on, the diode gets reverse-biased. Hence, the inductor 
gets decoupled from the output circuit. Consequently, during 
this time, the inductor charges and stores magnetic energy. 
Meanwhile, the output capacitor discharges the supply current 
to the load resistor (RL) using the energy stored in it during the 
previous off-state of Q. During the off-time of the switch, the 
diode gets forward biased. Thus, it couples the charged 
inductor with the rest of the circuit. The voltage polarity of the 
charged inductor reverses and it begins to discharge. Together, 
the actual vin source and the discharging inductor serially 
supply current to the resistor-capacitor combination in the 
output circuit. 
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Fig. 1. Boost converter circuit schematic. 

 

The capacitor continues to charge during this time. Before 
the inductor can significantly discharge, the switch Q turns on 
again. The small-signal state-space model of the DC-DC boost 
converter is acquired via the averaging technique [29]. The 
model describes the variations in the state-trajectories and 
dynamics of the system about the steady-state operating point. 
The generalized linear model of the boost converter is given by 
Eqns. (3) and (4). 

 = + +  (3)
 

 = +  (4)

where x(t) is the state-vector, d(t) is the instantaneous value of 
the duty-cycle and is taken as the control input, A is the system 
matrix, B1 and B2 are the input matrix, C is the output matrix, 
and F is the feed-forward matrix. The state-vector of the boost 
converter is given by Equ. (5).  

 =  (5)

The matrices A, B1, B2, C and F of the boost converter’s 
state-space model are identified in Equ. (6), [30]. 

 

= − + || 1 − − + 1 −
+ 1 − − 1+ ,

= 10 , = +− + ,
= 0 + , = 0	 

(6)

The state variables and the control input d(t) are 
characterized as small-signal AC perturbations occurring in the 
steady-state (or nominal) values of the inductor current ( ), 
output voltage ( ), and duty-cycle (D). The nominal value of 
D is evaluated using the expression in Equ. (7). 

 = 1 −  (7)

The design parameters mentioned in Equ. 6 are clearly 
identified in Table I. The identified state space model is used to 
deduce the averaged small signal model of the boost converter. 
The second order small signal model is given by Equ. (8), [28].  

= 1 − 1 − 1 ++ 1 + + 1 (8)

TABLE I 
BOOST CONVERTER CIRCUIT DESIGN PARAMETERS 

Parameters Symbol Values 

Load-resistor RL 10 Ω 

Inductor L 120 μH 

Output capacitor C 330 μF 

Equivalent-series-resistance of capacitor rc 0.17 Ω 

Equivalent-series-resistance of inductor rL 0.12 Ω 

Input voltage vin 24.0 V 

Reference output voltage vref 30.0 V 

Maximum output Power Pout 250 W 

Maximum conversion efficiency η 92% 

  

where s is the Laplace operator, and = 1 − . 

 

III. FRACTIONAL ORDER PROPORTIONAL-INTEGRAL 

CONTROLLER 

The proportional-integral (PI) controller is model-free 
control scheme that is widely used due to its simplicity and 
robustness [31]. The proportional control term depends on the 
instantaneous value of error and applies appropriate 
correctional effort to converge the response to the reference 
value.  

The integral term depends on the accumulated value of the 
error in vo. This introduces a closed-loop pole at the origin in 
order to improve the damping of the system. Hence, under 
transient conditions, the integral controller manipulates the 
magnitude of the accumulated error to reset and saturate the 
error response to a zero value. Consequently, it effectively 
damps both oscillations and overshoots, and eliminates steady- 
state fluctuations in the system’s response. As discussed 
earlier, the PI controller is the weighted combination of the 
error and the numerical-integral of recent errors. The 
weightages of these error dynamics are denoted as the 
proportional gain (kP) and the integral gain (kI). The integer- 
order PI control law is given by Equ. (9). 

 = . + . 	 (9)

such that: 

 = −  (10)

Fractional calculus is a branch of mathematics that serves 
to realize, model and control physical systems exhibiting 
non-integer fractional-order characteristics [32]. Fractional- 
order systems are identified via fractional-order differential 
equations. These equations mainly deal with differential and 
integral operators having real number powers. The fractional 
operator is denoted by Gβ, where  is the positive and real- 
numbered exponent of the operator. The fundamentals of 
fractional calculus are described by three common definitions 
provided by Riemann-Liouville, Gruunwald-Letnikov, and 
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Caputo in [33]. These definitions are outlined in Eqns. 
(11)-(13). = 1− −  (11)

where Γ(x) represent the Euler gamma function, n is the integer 
number, and n-1 ˂ β ˂ n. 

= lim→ 1 −1⁄ −  (12)

where = + 1 + 1⁄ − + 1 , and  is the step- 

size. = 1− −  (13)

The conventional PI controller is transformed into the FoPI 
controller using the definitions outlined above. The FoPI 
control law, in the time-domain, is given by Equ. (14), [34]. 

  = . + .  (14)

The FoPI controller is a generalized form of the integer- 
order PI controller. If the value of  is set to zero, the control 
law is reduced to a generic proportional controller. If  is 
selected to be one, the control law transforms into a 
conventional fixed-gain PI controller. With the introduction of 
the new hyper-parameter , the three-parameters control law 
tends to improve the degrees of freedom and design flexibility 
of the controller. If optimized properly, the FoPI control law 
offers enhanced robustness against exogenous disturbances 
when compared to the conventional PI controller. In this paper, 
the three fixed controller parameters of the FoPI control law 
are optimally tuned via a PSO algorithm. The generalized 
transfer function of the control law is given in Equ. (15). = = +  (15)

The term , in Equ. (15), has a fractional order that 
makes it difficult to implement. Hence, in this paper, the 
fractional integral operator is approximated using a 5th order 
Oustaloup’s recursive filter for the practical implementation of 
a FoPI controller in a digital computer. The Oustaloup’s 

approximation of  is given by Equ. (16), [35].  

= 1 + ,1 + ,  (16)

where N is the number of zeros or poles. Normally, a large 
value of N is selected so that the undulations in the gain and 
phase responses are avoided without significantly increasing 
the computational cost. The aforementioned approximation is 
valid for a frequency range between [ωL; ωH]. The frequencies 
of the poles and zeros are evaluated using Equ. (17).  

, = ,  , = , ,  , = , (17)

such that: = , =  

The lower and upper translational frequencies of the filter 
are ωL = 103 rad/s and ωH = 108 rad/s, respectively. These 
frequencies are selected according to the study presented in 
[23]. 

 

IV. NONLINEAR ERROR MODULATOR 

The duty-cycle adjustment commands generated by a 
conventional fixed-gain FoPI controller lack the ability to 
quickly compensate the nonlinear disturbances encountered by 
the system. Hence, in order to improve the time-optimality of 
the control scheme, the FoPI controller is augmented with a 
pre-stage error modulator. The modulator comprises a well- 
postulated nonlinear control surface that dynamically adjusts 
the signal being fed to the FoPI controller. This is based on 
instantaneous variations in the error and error-derivative of vo. 
The derived modulated signal enhances the controller’s ability 
to reject exogenous disturbances, modeling errors, and other 
intrinsic nonlinearities. The improved disturbance-compensation 
capability enables the controller to quickly recover from load 
or input transients with minimum oscillations. 

Extensive research has been done to develop nonlinear gain 
adjustment mechanisms to modify the classical control schemes 
of complex dynamical systems. A state-dependent nonlinear 
self-tuning mechanism designed to dynamically update the 
controller gains was proposed in [36]. The controller lacked 
information regarding the error-dynamics. Hence, it demonstrates 
a slow convergence rate. The nonlinear gain adaptation scheme 
proposed in [37] depends only on the direction of the error- 
derivative and not its magnitude. This results in sluggishness in 
the response. The error-dependent sigmoidal functions proposed 
in [38] offer a smooth transition between subsequent controller 
gains while adjusting them with respect to variations in the 
error. However, these functions also lack information regarding 
the error-derivative, which prevents them from efficiently 
compensating rapid variations in the state dynamics.  

It is well-known that the incorporation of an error-derivative 
term in the control law significantly improves the phase- 
margin of the controlled system [39]. This addition enhances 
the disturbance-attenuation capability and error- convergence 
rate of the response. However, its inclusion also has some 
drawbacks. The derivative operation unavoidably amplifies 
and injects high frequency noise into the system, which 
increases the fluctuations in the steady-state response. Optimal 
estimation of the error-derivative after every sampling interval 
puts a computational burden on the digital computer. Hence, a 
simple yet practicable approach to accurately estimate the 
error-derivative is to measure the current flowing through the 
output-capacitor of the converter ic in real-time. The output- 
capacitor is practically modeled according to Equ. (18). 
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	= + +  (18)

where  is the equivalent-series-inductance (ESL) and its 
value is 100 nH. DC-DC boost conversion is a regulation 
problem. Hence, the instantaneous value of  is assumed 
to be equal to the error-derivative . With this assumption 
in mind, the time-domain response of ic is given by Equ. (19). 

− −  (19)

The expression in Equ. (19) clearly shows that  is 
directly proportional to ic. The utilization of ic offers following 
the benefits to the controlled system [40]. 

 It significantly improves the transient recovery response 
of the system, even in the presence of transient detection 
delays. 

 It has an insignificant effect on the closed-loop bandwidth 
and stability of the system. 

 It attenuates the hysteresis effect contributed by the 
parasitic impedances. 

 It indirectly feeds the system with information regarding 
variations in the inductor-current and load-current. 

Due to its advantages, the information regarding ic is included 
in the existing control law by combining its instantaneous 
values with those of e(t) using the Signed Distance Method 
(SDM). The SDM is a data-aggregation technique that is 
widely used in combining the input signals for single input 
fuzzy logic controllers [41]. Prior to their unification, the 
values of ic(t) and e(t) are normalized. Afterwards, they are 
aggregated using the expression given in Equ. (20), [42], 
[43]. = +1 +  (20)

such that: = 2 − 2  (21)

where Ts is the sampling time of the system. The value of Ts 
used in this paper is 0.25 ms. The aggregated signal q(t) 
derived from the SDM is fed to the nonlinear control surface as 
its sole input variable. As discussed earlier, sigmoidal functions 
offer an effective control effort due to their smoothness, 
differentiability and roundness. Hence, in this paper, the 
Signed-Hyperbolic-Secant-Function (SHSF) is used as the 
nonlinear control surface. The characteristic waveform of the 
SHSF is given by Equ. (22). 

 = . . .  (22)

where .  is the sign function that extracts the sign of 
, .  is the nonlinear hyperbolic secant function,  

is the variation-rate of the waveform, and  defines the upper  

 
Fig. 2. Nonlinear Fractional-order PI (N-FoPI) control scheme. 
 
and lower limits of the waveform. The hyper-parameters,  
and , increase the flexibility of the controller design. Their 
values are selected via a PSO algorithm. The optimized 
waveform of the nonlinear SHSF is presented in the next 
section. 

The transition of the SHSF waveform offers favorable 
characteristics to achieve desired control objectives. It 
attenuates the modulated signal for extremely small values of 
q(t). This feature improves damping to attenuate the oscillations, 
fluctuations and ripple in the steady-state response. The 
control surface exponentially enlarges the magnitude of f(t) 
when the value of q(t) increases. This feature aids in improving 
the transient-recovery response, error-convergence rate and 
disturbance-rejection capability of the system. Finally, the 
waveform tends to saturate at extremely large values of q(t). 
This limiting phenomenon prevents the final control input 
d(t). and the switching-transistor from getting saturated due 
to integral wind-up. The control surface can be implemented 
in practical systems, as shown in Section VI, since it does not 
put any recursive computational burden on the embedded 
control system. With the addition of a pre-stage nonlinear error 
modulator, the resulting Nonlinear-FoPI (N-FoPI) control law 
is given by Equ. (23). = . + .  (23)

A block diagram of the N-FoPI control law is shown in Fig. 2. 
 

V. PARTICLE SWARM OPTIMIZATION 

A PSO algorithm is a meta-heuristic computational 
optimization technique that involves the iterative improvement 
of candidate solutions with respect to a given performance 
index. It was inspired by the social behavior of bird flock [44]. 
This stochastic algorithm initializes with a randomly selected 
population of candidate solutions, denoted as ‘particles’. It 
then explores and exploits the entire space to search for the 
global best-fit solution. The movement of each particle across 
the search-space is characterized by its position and velocity. 
The mathematic formulae of the velocity (Ui) and position (Xi) 
of the ith particle for the jth iteration are given in Equ. (24) and 
(25), respectively. = + −	 +	 − (24)
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Fig. 3. PSO flow-chart. 
 =	 +  (25)

where f1 and f2 are the cognitive-coefficients, b1 and b2 are 
random real-numbers between 0 and 1, and m is the inertia- 
weight. Each of the cognitive coefficients has been assigned 
an equal value of 2.05 in order to make their sum greater than 
4. The fitness value for each of the particles is computed, 
recorded and compared with the existing best-fit particles, 
also known as the "local-best" (Pi). The particle with the 
highest recorded value is selected as the new value of Pi. The 
particle with best fitness value among all of the particles in 
the population is chosen as the "global-best" (Pg). The 
convergence of the swarm depends on the value of m. This 
value balances the global and local searching capability of the 
optimization process. A higher m offers good global search 
capability but a weak local search capability, and vice versa. 
Hence, in the beginning of a trial, a large value of m is chosen 
to conduct the global searching. As the search progresses, the 
value of m is reduced to support local searching. In this paper, 
the value of m is iteratively updated according to the 
nonlinear function given in Equ. (26), [45].  =	 +	 	 − 	 . − 	− 1  (26)

where jmax is the maximum number of iterations, and y is the 
nonlinear-index number. Normally, the value of y is set to 1.5 
for the best performance of the optimizer [45]. The values of 
mmin and mmin are set to 0.4 and 0.9, respectively [45]. The value 
of jmax in this paper is 100. The flow of the PSO algorithm is 
illustrated in Fig. 4. The algorithm iteratively computes and 
records the fitness of the particles using the quadratic 
performance index given in Equ. (27).  = + + + 0.1 	  (27)

The objective function in Equ. 27 is used to minimize the 
settling time (ts), the peak overshoot (Mp), the integral of the 
time-weighted square-of-error, and the control signal (d) of 
the system in order to render optimality in both its transient- 
state and steady-state, and to control the energy expenditure. 
The fitness of each parameter is iteratively checked to 
determine its convergence to the Pg value. The flow of the PSO 
algorithm is shown in Fig. 3.  

The PSO algorithm is employed for the offline optimization 
of kP, kI, β, α and γ by applying a step input. Initially, kP and 
kI are selected for the PI controller via a PSO. The fractional 
order β is then optimized for the FoPI controller. Finally, α 
and γ are tuned for the N-FoPI controller using a PSO 
algorithm. A population of 100 particles is selected for each  

TABLE II 
OPTIMIZED VALUES OF THE PARAMETERS 

Parameter kP kI β γ α 

Value 0.014 1.85 0.92 5.4 9.8 

Range [0, 0.1] [0, 10] [0, 2] [0, 10] [0, 20]

Iterations 92 81 68 80 86 

 

 
Fig. 4. Iterative optimization history. 

 

 
Fig. 5. Waveform of the signed hyperbolic secant function. 
 
of the parameters. The parameter optimization is summarized 
in Table II. The optimization history is illustrated in Fig. 4. 
The optimized SHSF waveform is depicted in Fig. 5.  

 

VI. EXPERIMENTAL EVALUATION 

This section presents details of both the hardware setup of 
the boost converter and the experimental analysis conducted 
on it to examine and validate the proposed control strategy. 

A. Experimental Setup 

The hardware setup of the boost converter used in this 
paper is shown in Fig. 6. The analog measurements of iC are 
done via a current-sensing power resistor with a value of 
0.01Ω (less than the capacitor’s ESR). Analog measurements 
of vin and vo are done via dedicated potential-divider circuits. 
Raw analog sensor measurements are acquired via an 8-bit 
embedded microcontroller at a sampling frequency of 4.0 kHz.  
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Fig. 6. Block diagram of the experimental setup. 

 

 
Fig. 7. Actual hardware setup. 
 
The microcontroller filters outlier data from the sensor 
measurements and serially transmits the digitized sensor 
measurements to the feedback control routine running on a 
dedicated 32-bit computer with a 900 MHz clock speed [46]. 
Additionally, the computer is also responsible for running a 
LabVIEW based computer application for the sake of 
recording and graphically visualizing variations in the state- 
trajectories in real-time [47]. The control commands generated 
by the control routine are serially transmitted back to the 
microcontroller where they are transformed into equivalent 
high-frequency pulse-width-modulated (PWM) signals. The 
serial communication between the computer and the 
microcontroller is done at 9600 bps. These PWM signals are 
applied at the gate of the switching transistor (Q) via a 
dedicated optical isolation and a driver circuit.  

The boost converter module is powered by a +24.0 V input 
source, which is supplied by serially connecting two individual 
+12.0 V supply outputs, using a variable dual-output lab- 
bench DC power supply. However, the input to the converter 
can be changed from +24.0 V to +12.0 using the switch S2 as 
shown in Fig. 6. This switching mechanism introduces step 
variations into the input voltage. This aids in testing the 
controller’s ability to compensate the impact of rapid parametric 
variations. The load-resistance module of the circuit is made 

by connecting two fixed resistors, of equal values (RL), in 
parallel with one another. One of the resistors is kept fixed. 
The other resistor can be included in or excluded from the 
circuit by simply turning-on or turning-off the switch S1. 
This switching mechanism introduces load- step transients 
into the overall circuit. This aids in examining the controller’s 
robustness against impulsive disturbances caused by modeling 
errors. The voltage-dividers formed by R1-R2 and R3-R4 are 
used to monitor the variations in vo and vin, respectively. The 
values of R1 = 150 kΩ, R2 = 1.0 MΩ, R3 = 150 kΩ and R4 = 
750 kΩ. The analog measurements are fed to the 10-bit 
analog channels (A0, A1 and A2) of the 8-bit microcontroller. 
The PWM commands are generated by the digital pin (D0) of 
the microcontroller. A snapshot of the actual experimental 
setup is shown in Fig. 7. 

B. Tests and Results 

The closed-loop time-domain performance of the N-FoPI 
controller is compared with those of PI and FoPI controllers 
through the following ‘hardware-in-the-loop’ experiments. 

 

1) Step-Reference Tracking: This test examines the 
controller’s ability to accurately track and regulate the vo of 
the boost converter at a desired reference of +30.0 V DC for a 
+24.0 V input. The switch S1, shown in Fig. 6, is kept “off” 
in all of the test trials. The corresponding time-domain 
responses of vo, under the influence of each of the controllers, 
are shown in Fig. 8, 9 and 10. 

 

2) Load-Transient Recovery: The impulsive disturbance 
rejection capability for each of the controllers is tested by 
artificially introducing load-step transients in the steady-state 
response of vo by turning on the switch S1 at t ≈ 0.39 s and 
turning it off again at t = 0.75 s, as discussed in Section VI A. 
This phenomenon leads to a step decrement followed by a 
step increment in the load resistance of the circuit. The 
resulting transients for each of the controlled systems, 
exhibited in the response of vo, are illustrated in Fig. 11, 12 
and 13.  

 

3) Input-Fluctuation Compensation: In this test case, the 
robustness of each of the controllers in terms of compensating 
the influence of step fluctuations in the supply voltage is 
evaluated. For this purpose, the DC input voltage signal is 
artificially decreased from +24.0 V to +12.0 V by changing 
the position of the switch S2, shown in Fig. 6, from A to B. 
The corresponding variations for each of the controlled 
systems, exhibited in the response of vo, are shown in Fig. 14, 
15 and 16.  

The responses are analyzed by evaluating their rise-time 
(tr), over-shoot (OS), under-shoot (US), settling time (ts) and 
root-mean-square of the steady-state error (Ess). The test results 
are summarized in Table III. A comparative assessment clearly 
validates the efficacy and superior robustness of the N-FoPI 
control scheme. The PI controlled responses exhibit the slowest 
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Fig. 8. Step reference tracking response of a PI controller. 

 

 
Fig. 9. Step reference tracking response of a FoPI controller. 

 

 
Fig. 10. Step reference tracking response of a N-FoPI controller. 

 

 
Fig. 11. Response of a PI controller under load-transients. 

 

 
Fig. 12. Step response of a FoPI controller under load-transients. 

 
Fig. 13. Response of a N-FoPI controller under load-transients. 

 

 
Fig. 14. Response of a PI controller under a vin fluctuation. 

 

 
Fig. 15. Response of a FoPI controller under a vin fluctuation. 

 

 
Fig. 16. Response of a N-FoPI controller under a vin fluctuation. 
 
convergence rate and the poorest disturbance rejection 
capability. Its response takes the maximum transient recovery 
time with substantial oscillations. The FoPI controlled 
responses show a considerable improvement over the PI 
controlled responses by reducing the transitional times during 
transient recovery. The overshoots and undershoots are 
relatively smaller. Furthermore, it attenuates the oscillations 
as well as the steady-state fluctuations in the response. The 
N-FoPI controlled system yields the most time-optimal 
responses. Its response exhibits rapid transits with negligible  
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TABLE III 
SUMMARY OF TEST RESULTS 

Controller → PI FoPI N-FoPI 

Test A 

trise (ms) 149.8 89.3 53 

ts (ms) 222.8 137.5 72.8 

Ess (mV) 8.24 6.89 4.51 

Test B 

OS (V) 12.89 9.92 7.68 

US (V) 13.01 9.83 7.71 

ts (ms) 183 116 53.5 

Test C 

OS (V) 7.04 6.66 4.36 

US (V) 8.51 6.44 4.22 

ts (ms) 342 296 209 

 
oscillations. The ripple content is minimal when compared to 
the responses of the aforementioned controllers. Owing to the 
augmentation of the nonlinear error modulator, the controller 
takes the minimum time to recover from transients and settle 
at the reference voltage. It effectively damps overshoots and 
undershoots. As a result, it exhibits the minimum Ess. 

 

VII. CONCLUSIONS 

This paper presents a methodic approach to synthesize a 
robust and time-optimal output-voltage control strategy for 
DC-DC boost converters. The FoPI controller is at the heart 
of the proposed strategy. 

The integration of fractional calculus with the conventional 
PI controller enhances the design flexibility. Apart from 
effectively eliminating the steady-state fluctuations and 
minimizing the ripple content in vo, it enables systems to 
compensate for the un-modeled nonlinearities associated with 
complex dynamical systems. To further improve the 
controller’s time-optimality, the FoPI controller is augmented 
with an SHSF-based error modulator that depends on 
variations in the error and ic. The proposed augmentation 
enhances the controller’s robustness against exogenous 
disturbances and unprecedented parametric variations. It 
enables the controller to compensate for the intrinsic 
nonlinearities associated with the system. Furthermore, the 
controller improves the overall transient recovery response of 
the system. The response exhibits a faster convergence rate 
while maintaining reasonable damping to suppress overshoots, 
undershoots and oscillations upon convergence. The 
aforementioned propositions are verified by conducting 
hardware-in-the-loop experiments on a 250W DC-DC boost 
converter prototype. In the future, a nonlinear error modulator 
will be constructed using neuro-fuzzy adaptation schemes. 
Other meta-heuristic computational methods will be investigated 
to optimize the controller parameters. The efficacy of the 
proposed control strategy will be analyzed by implementing it 
on other power electronic converters such as Cuk, SEPIC, 
Zeta, etc.   
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