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An optimized integral performance criterion based
commercial PID controller design for boost converter

Mohammad Irshad?!, Naresh Kumar Vemula?, Ramesh Devarapalli®,
Gundavarapu Venkata Nagesh Kumar*, Lukasz Knypinski®>”

Boost converters often face challenges such as sluggish dynamic behavior, inadequate voltage regulation, and variations in
input voltage and load current. These issues necessitate the need for closed-loop operation. Nature-inspired optimization
algorithms (NIOA) have demonstrated their effectiveness in delivering enhanced solutions for various engineering problems.
Several studies have been conducted on the use of proportional-integral-derivative (PID) controllers for controlling boost
converters, as documented in the literature. Some studies have shown that using fractional order PID (FO-PID) controllers can
lead to better performance than traditional PID controllers. Nevertheless, implementing FO-PID can be quite complex.
Considering the widespread use of commercial PID controllers in industrial settings, this study focuses on finding the best
tuning for these controllers in DC-DC boost converters. The approach used is particle swarm optimization (PSO) based on
integral performance criteria. Simulation results indicate that the proposed controller achieves superior performance, evidenced
by the lowest settling time, overshoot, integral absolute error (IAE), and integral squared error (ISE) values under varying input
voltage and load current conditions, compared to both PID and FO-PID controllers. These findings have been confirmed

through hardware implementation, which demonstrates the effectiveness of the proposed controller.
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1 Introduction

The DC-DC converters are finding widespread use in
many applications, such as LED lighting, medical
instruments, defense equipment, photovoltaic appli-
cations [1], power factor correction circuits [2], electric
vehicles [3], fuel cell applications [4], etc. The DC-DC
boost converter is a system that exhibits a non-minimal
phase. The presence of right-half plane (RHP) zero in the
linearized model causes it to demonstrate an inverse
response, which leads to instability with high gain and
bandwidth limitation [5]. Furthermore, when operated in
open-loop mode, the boost converter displays sluggish
response and poor voltage regulation. Hence, closed-
loop control is required to overcome these limitations.

A proportional-integral-derivative (PID) controller is
widely used to date due to its simple control structure
and ability to perform satisfactorily for a wide class of
processes. Further, with the advent of nature-inspired
optimization algorithms, their applications in many
engineering problems led to better/improved solutions.
Thus, researchers have proposed various design

strategies based on these algorithms to tune PID for
closed-loop control of boost converter [6-11]. In [6],
a genetic algorithm (GA) for controller design is
combined with the evolution of a queen bee in a hive to
create a hybrid optimization method. It is shown that
PID tuned with this modified algorithm performs better
than GA-tuned PID. In [7], modified particle swarm
optimization, termed as probabilistic particle swarm
optimization (PSO) was employed to tune PID. The
effectiveness of the proposed algorithm for controller
design is verified experimentally. An algorithm based on
a colony of foraging ants is used for controller design in
[8]. The performance of the designed PID is compared
with that of the tuned PID to achieve specified gain-
phase margin specifications. Further, the simulation
results were verified experimentally. In [9], three
evolutionary algorithms (GA, differential evolution and
artificial immune system) were employed to tune PID
controller. It is shown through simulation results
supported by experimental validation that optimally
tuned PID has enhanced capability of output voltage
regulation under different perturbations. The authors in
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[10] have merged Ziegler-Nichol’s and optimization
techniques to design a PID controller. In [11], the
authors focused on enhancing the converter’s
performance and reducing voltage fluctuations through
the utilization of PID controller that has been optimized
with firefly algorithm.

Some reported works [12-19] have also designed
a fractional order PID (FO-PID) controller for the
control of boost converter using optimization algo-
rithms. In [12], PSO was used to tune the fractional order
PID by minimizing the weighted combination of ITAE
and control input. Integral performance criteria, namely
IAE was chosen for controller design and minimized by
the artificial bee colony (ABC) algorithm in [13]. In
[14], a multi-objective optimization approach was
reported for controller design. A set of optimal gains
were provided to choose proper value based on design
requirements. It is observed that the optimal FO-PID
controller gives improved performance in comparison to
the optimal PID. In [15], the authors utilized Moth-
Flame optimization (MFO) and PSO to fine-tune
a fractional order fuzzy PID controller for a boost
converter. The results indicated that there was an
improved performance compared to fuzzy PID
controller. In [16], the design and analysis for a boost
converter and PV system controlled by the FO-PI were
presented. The flower pollination algorithm (FPA) and
water cycle algorithm (WCA) were used to tune the
controller. Queen bee assisted genetic algorithm
optimization was used to tune FO-PID controller in [17],
and it was shown that it improved robustness compared
to optimized PID. In [18], a novel topology for a FOPID
controller was introduced for boost converter control.
The controller’s tuning was done using a combination of
GA and integral performance criteria, specifically ITAE
and ITSE. The proposed controller exhibits a wide
operational range. Also, fuzzy FO-PID was designed to
tackle robustness issues. In [19], Neural network
combined with PSO was used to tune the controller gains
for FO-PID.

Literature gap: as per the aforementioned literature,
several authors have utilized FO-PID along with
different optimization schemes to tune the controller
gains. However, the use of commercial PID, also known
as ISA-PID, has not been reported so far in the literature
for controlling a boost converter to the best of the
author's knowledge. The control structure of an ISA-PID
is a two-degree-of-freedom (2-DOF) system that has the
same number of controller parameters as FO-PID.

One of its major advantages over FO-PID is its ease of
implementation. The hardware circuit of ISA-PID is
very simple and can be easily constructed. But FO-PID
hardware circuit is complex and difficult to construct.
Only approximate modeling can be done for FO-PID but
actual modeling is possible in case of ISA-PID.

Hence, in the present work, a commercial PID
controller is utilized and optimally tuned using particle
swarm optimization [20] based on integral performance
criteria for a DC-DC boost converter. Also, the efficacy
of the proposed optimal scheme for closed-loop
performance is compared with that of existing optimal
PID and FO-PID controllers [21, 22]. The integral of the
squared time-cubed weighted error (IST3E) criterion is
considered as an objective function. Furthermore, the
PSO algorithm minimizes the objective function to get
the optimal controller parameters for all three
controllers. Duty cycle constraints have been handled
during the design process for practical viability.
Simulations performed on linearized averaged and
switched models show that the proposed optimal
ISA-PID observes notable improvement in performance.

2 Mathematical modelling of the DC-DC boost
converter

Figure 1 shows a basic boost converter topology.
State space averaging technique [23] is used to obtain
a mathematical model of the boost converter. In the
circuit, Vo, Ve, Vin, I, lc, R, L, C, liiag represent the
output voltage, capacitor voltage, input voltage, inductor
current, capacitor current, load resistance, inductance,
output capacitance, and perturbation in load current
respectively. Here, the equivalent series resistance of the
corresponding capacitor and inductor are ignored, and
the small signal model is considered for continuous
conduction mode for simplicity. The state equations for
ON and OFF conditions are

di;,
Tr = Vin €Y)
dv v
d_tc = _Ec Vo = V¢ (2)
di;,
L—r=vin— (1 =d)v, (3)
dv, ] Ve
ng(l_d)lL_E Vo = V. (4—)

where d is the duty cycle.
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Fig. 1. DC-DC boost converter

Variables are perturbed about their steady state
operating values as follows:

Ve=Ve+ T Vip=Vip+0y, i =1+7, (5

d=D+d (6)

where symbols represented by uppercase letter and ‘~’
are DC steady-state quantities and small perturbations,
respectively.

Substituting (6) in (3) and (4), we get:

v, =V, + 7,

Lw= (Vin + Pin) = (1 =D = d ) (Vp + o)
(7)
Tt _ (1 p-a)a, +1)
Ve+7) .
—T_lload (8)
W+0, =V +7, ©)

Considering only AC terms (neglecting second-order
terms), the final dynamic (small AC signal) state space
averaged model is obtained as follows:

dai, N -
LE=UL'TL—(1—D)UO+VOd (10)
~C=(1—D)i—1d—ﬁ—c—i 11)
dt L L R load
Vo = V¢ (12)

By simplifying the above equations, the transfer
function of the converter (linearized average model) can
be obtained as follows.

Control-to-output transfer function

o (5) A-D)V,—LIs
G = — = 13
() d(s)  (LC)s?+%s+ (1 —D)? (13)

Line-to-output transfer function

Uo(s) _ (1-D)

Gp(s) == = (14)
P in(S)  (LC)s2+zs+ (1—D)>
Output impedance transfer function
7,(s) —Ls
Gy (s) = —2 = (15)
T 0aa () (LC)s2+Ls+ (1 - D)2

Putting parameter values chosen for the boost
converter in (13), (14) and (15), we obtained:

—-1667s + 6 x 107

_ 1
6p(S) = 77205 7.2 X 105 (16)
Go(s) = 1.2 x10° 17
av(S) = 73205 £ 7.2 x 105 a7)
—1000s
Gai(s) = (18)

s2+20s+ 7.2 x 10°

3 Integral performance criteria based controller
design

The classical control structure as shown in Fig. 2 is
utilized for the design of PID and FO-PID. Gy(s), Gav(S)
and Ga(s) are control-to-output, line-to-output and
output impedance transfer functions, respectively. G(s)
is the respective controller; r, u, y, di and d. are
reference, control effort (duty cycle), output, load
current disturbance and input voltage disturbance,
respectively.
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Fig. 2. Classical unity feedback control structure

The transfer functions of the PID and FO-PID are
given below.

PID controller:
)a9)

where K¢, 14, and i are proportional gain, derivative time
constant, and integral time constant, respectively.

1
G.(s) = (1+ S —
() = Ol‘cds+1

FO-PID controller:

G.(s) = ( )(20)
where A and p are fractional power of s. From, Fig. 2,
error signals for the above two controllers for input
voltage and load current disturbances are given by:

_ de(s)
eqy = —Wﬂiz(s) 21
eqr = _Gals) 1(s) (22)

1+ G.(s)Gy(s)

The well-known ISA-PID control law [24]
represented as:

1
u(s) = Ke [b7(8) = y(5) + (r(8) = ¥(5)) —

+ (C r(s) — 3’(5)) rds

N

(23)

where N is the ratio between 7y and the first-order time
constant of the filter cascaded with the derivative term,
b and c are set-point weights and r(s) is the reference
signal. Rearranging (23) leads to control structure shown
in Fig. 3, where G¢ and G, are characterized by the
following transfer functions.

In order to have practical viability, constrained
optimization (0<u<1) is employed.

The IST3E criterion [25-29] is chosen as an objective
function. Mathematically, it is represented as:

IST3E =f [e(a,t) t3]%dt 24)
0

where, o, denotes the control parameters to be chosen to
minimize IST3E.

Gon(s) = K, [ b+ — 4 5525 25)
c1\S) = K¢ ;8 1+%s
1 T4S
= 1+—+ 26
Gea(s) = ( - 1+$> (26)
d2|:> de
r + u + +
I::'/'\ Gcl ) Gp y
- +
di—) Gg
ISA-PID Ge2

Fig. 3. The 2-DOF control structure representation
of ISA-PID control law

The sum of errors due to both disturbances is
included in the objective function for all the above three
controllers. The classical PSO algorithm is used to
minimize the chosen integral performance criterion to
obtain optimal controller settings [30]. The optimization
calculations are made for a swarm consisting of 50
particles. As a stop criterion was adopted the changes of
the objective function for the best particle in successive
iterations smaller than 3x107*. In order to obtain a good
performance of the optimization procedure the specific
parameters (w, c; and c;) are adopted to optimized
problem. The optimization calculations are made for the
following parameters: w=0.35, ¢;=1.1 and c»=1.3. For
brief understanding, the flowchart showing the various
steps involved in PSO can be obtained from [31].
Table 1 shows the optimal controller parameter values
of all three controllers. (Note: b and ¢ are optimized for
load disturbance rejection by keeping K¢, z and z values
same as obtained with respect to set-point tracking).
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Table 1. Optimal controller parameters

Controllers Kc Ti Td A u b c

PID 1.4x10° 5.4x10* 8.7x103 - - - -

FO-PID 5.9x10°% 2.324x10* 1.14x10° 1.004 1.981 - -
ISA-PID  8.86x102% 1.2x10°% 1.178x10* - - 0.0028 0.014

4 Simulation results and experimental validation
4.1 Simulation parameters

The system parameters of the boost converter are
tabulated in Tab. 2. The DC power supply and load are
programmed to give perturbations in supply voltage and
load current, respectively.

To compare the performance of the controllers
designed in the previous section, simulations are
performed on linearized averaged and switched models.

Settling time (t5), overshoot (Os) (in percentage), IAE
and ISE values are computed by perturbing load current
and input supply voltage, which are mentioned in Tab. 3.
(Note: Critically damped behavior is preferable for good
design but response should settle as early as possible.
Therefore, opting for underdamped design helps to
reduce settling time but it should be achieved with
minimum overshoot. Thus, opting for underdamped
design with minimum overshoot together with reduction
in settling time makes design more viable.)

Table 2. Performance measures for various controllers

Input voltage disturbance

Load current disturbance

Controller — 0 IAE ISE ts 0, IAE  ISE

PID 00151 24864 0112 0783 0035 1400 0.0090 0.00397
FO-PID 00026 7.344 0014 0033 001382 0.806 0.0022 0.00063
ISA-PID  0.0015 2364 0004 0003 00041 0199 0.006 0.00007

Table 3. Parameters of boost converter

Parameters Values
Vin 30V
Vo 50V
L 500 pH
C 1000 uF
D 0.40
R 50 Q

4.2 Input voltage variation

To analyze the closed-loop performance, the input
voltage is varied from 30 V to 37 V and then again from
37 V to 30 V. The output and control signals of various
controllers for the linearized averaged model are
illustrated in Fig. 4. From Fig. 5 and Tab. 3, it is
observed that ISA-PID gives best disturbance rejection
performance amongst all three controllers. The output

signal settles in 0.00015 s which is the least as com-
pared to PID and FO-PID. The percent overshoot is only
2.364 compared to FO-PID, which has a value of 7.344.
IAE and ISE values also get reduced further with the use
of ISA-PID. To show practical viability, switched and
hardware model results are also taken. Figure 5 presents
the output and control signals of PID, FO-PID, and ISA-
PID for the switched model.
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4.3 Load current variation

The load resistance values are varied within the range
of 25Q to 50Q and 50Q to 25Q to assess the
effectiveness of the proposed model. The control effort
and the output signals of various controllers for the
linearized averaged model are illustrated in Fig. 6. It is
observed from Fig. 6 that ISA- P1D outperforms PID and

FO-PID controllers. In the case of ISA-PID, the settling
time value is reduced significantly. A minimum percent
overshoot (%) is also observed. As far as IAE and ISE
values are concerned, ISA-PID gives the least values
amongst all the three controllers (Tab. 2). Figure 7 shows
the output and control signals of various controllers for
the switched model.
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Fig. 6. Linearized model when R is changed from 50 to 25 Q at t=0.2s
and from 25 to 50 Q at t=0.5 s:(a) output response, and (b) control signals

From the above simulation results analysis, it is
observed that commercial PID (control structure being
used till date in industries) when optimized properly (in
the present work) is sufficient for control of DC-DC
boost converter, i.e. proves to be a better choice than

fractional order PID and thus saves one from the
complex implementation of FO-PID. Also, as the same
existing control structure can be assimilated, saves the
cost of new controller replacement in the industries.
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5 Conclusions

DC-DC boost converter finds wide applications in
day-to-day life. Closed-loop operation is required for
regulated performance against input voltage and load
current fluctuations. The use of PID and FO-PID
controllers for the DC-DC boost converter is widely
reported in the literature. In this work, the use of existing
control structures in industries i.e. commercial PID
(ISA-PID) controller is recommended against PID and
FO-PID controllers for the control of DC-DC boost
converter. Therefore, this work will be of keen interest
for control practitioners and for those working towards
finding feasible solutions for industrial problems. Using
ISA-PID rather than PID and FO-PID will be in real
sense a long-term solution. Though there can be different
ways to properly tune ISA-PID, authors in the present
work used integral performance criteria, one of popular

approaches. All the parameters of ISA-PID are optimally
tuned for the first time. To show the usefulness of the
proposed design strategy, a comparative study has been
done with PID and FO-PID by also optimally tuning
both for the case of a linearized averaged model of the
boost converter. For the case of input voltage
disturbance, ISA-PID gives the shortest settling time
value of 0.0015 s compared to FO-PID and PID having
settling times as 0.0026 s and 0.0151 s respectively.
Similarly, minimum overshoot (2.36%) is obtained with
ISA-PID as compared to FO-PID (7.344%) and PID
(24.86%). Also, minimum IAE (0.004) and ISE value
(0.003) are exhibited by ISA-PID. For the case of load
current disturbance, ISA-PID outperforms FO-PID and
PID in all performance indices (Tab. 2). Switched model
results are also provided to validate ISA-PID practical
implementation on boost converter hardware circuitry.
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The comparative study reveals the superiority of the

proposed optimal

ISA-PID over the other two

controllers. Also, the use of ISA-PID will not only save
the cost of purchase/replacement of a new controller but
also substitute the complex implementation of FO-PID.
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