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Abstract: - The present paper introduces the design and simulation of an op-amp-based PID-controlled DC-DC
buck converter to regulate a DC voltage of 12 V to 5 V and support load currents ranging from 1 A to 5 A for
automotive applications using LTspice software. The converter operates at a switching frequency of 550 kHz,
delivering a regulated output voltage of 5 V for load currents ranging from 1 A to 5 A, with a maximum output
voltage ripple of 47.56 mV. The proposed buck converter settles to its regulated value within 943.4 ps at a load
current of 1 A, with a peak efficiency of 92.83%. The simulation results of the proposed buck converter
response to load current fluctuations show that the buck converter settles to its regulated value in 83.36 us
during a load current change from 1 A to 5 A with an undershoot of 92.62 mV. Conversely, during a load
change from 5 A to 1 A, the proposed buck converter recovers from an overshoot of 52.04 mV within 46.32 ps.
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1 Introduction

Energy efficiency is becoming more and more
important, in today’s automobile applications
making efficient power management systems crucial
to meet this demand, [1], [2]. One essential
component of these power management systems is
the DC-DC converter. The DC-DC converters are
commonly used in electronic devices like portable
electronics, wearable gadgets, Internet of Things
(IoT) devices, as well as automotive applications
like advanced driver assistance systems (ADAS)
hybrid vehicles, and electric vehicles, [3], [4], [5],
[6], [7], [8], [9], [10]. There are two types of DC-
DC converters: switching and linear. Linear
converters are simple to implement but they have
low efficiency, especially when V; is much bigger
than V,, with high heat dissipation, which makes
them unsuitable for high-power applications. On the
other hand, switching converters offer more
efficiency and can handle higher power levels, [11],
[12], [13]. A buck converter is a switching
converter, and found wide use in automotive
applications to reduce DC voltage from a higher
level while minimizing power loss, [14], [15], [16],
[17]. A feedback control system ensures efficient
regulation of the output voltage, using analog or
digital implementations, [18], [19], [20], [21].
Control systems with stronger computational
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capabilities are gaining increasing interest recently.
Among these control systems, predictive control
techniques have shown good results when applied to
power electronics systems. However, one major
limitation they face apart, from the complexity is the
need to know the mathematical model of the
controlled system. Therefore, the use of the
predictive control techniques is not suitable for the
fast-switching converters, [22], [23], [24], [25],
[26], [27]. Also, in recent years have become
familiar with the use of artificial intelligence
techniques employed in DC-DC converter control,
particularly deep learning as well as artificial neural
networks, which according to research, possess
good potential for effective power converters output
voltage regulation, [28], [29], [30], [31]. One of the

most popular control strategies for DC-DC
converters over the last few years is the
proportional-integral-derivative ~ (PID)  control

strategy. PID control systems reduce steady-state
error as well as settling time and overshoot, [32],
[33]. PID control wuses three components:
proportional, integral, and derivative. The
proportional component provides a proportionate
response to the deviation between the actual and
desired output voltage. The integral part gives a
proportional response to the error accumulated over
time, while the derivative component provides a
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proportional response to the rate of change of the
error.

The present study aims to design and simulate a
DC-DC buck converter with a voltage-mode PID
controller for automotive applications, using
LTspice, which is an open-source software variant
of the Simulation Program with Integrated Circuit
Emphasis (Spice). In this research, it is assumed that
the proposed converter will provide higher
efficiency, stability, and output accuracy than the
conventional converters, due to the accurate and fast
control over the output voltage of the converter,
using an op-amp based PID controller, resulting in a
more reliable and efficient power management
system.

The remainder of the present paper is structured
as follows: Section 2 explains the control strategy
and design of the proposed converter. Section 3
presents, compares, and discusses the simulation
results. Section 4 serves as the conclusion section of
the paper.

2 Methods

The proposed architecture of the buck converter,
including the voltage-mode PID controller, is
presented in Figure 1. The buck converter is the
power stage and consists of four main components:
the inductor L, the output capacitor Co, the diode D,
and the power switch Q. The proposed converter
operates in two stages: the on-time phase and the
off-time phase.
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!

Fig. 1: The proposed DC-DC buck converter with
PID control

The buck converter output voltage V, is
expressed as equation (1), where d represents the
duty cycle of the switch Q, and Vi is the input
voltage. The inductor value L and the output
capacitor value C, can be calculated using equations
(2) and (3), respectively, where Aling is the inductor
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ripple current, f is the switching frequency, and AV,
is the output voltage ripple. The op-amp-based
controller provides higher accuracy and flexibility in
tuning the controller parameters for optimal
performance. The feedback signal from the output
voltage is fed to the op-amp-based PID controller
through a voltage divider based on Ry and Ry
resistors, as expressed in equation (4). Therefore,
the generated feedback voltage is compared with a
reference voltage V. through a subtractor circuit to
calculate the error for a reverse-acting controller. As
the feedback voltage increases, the error signal
decreases. The controller uses a parallel
combination of the proportional, integral, and
derivative terms to adjust the duty cycle according
to the error voltage. The PWM signal with the
appropriate duty cycle is then generated by
summing the individual terms and comparing the
sum result to a ramp voltage signal V ramp.

V,=d x (1)
d
b ( Vo) x f+almg @
_ _ AMind 3)
@ 8 xfx AV,
R
V, =1+ ) x W, (4)
fb1

The proposed DC-DC buck converter controlled
by voltage-mode PID design has the following
specifications: an input voltage of 12 V, an output
voltage of 5 V, a load current range of 1 A to 5 A,
and a switching frequency of 550 kHz. Table 1
summarizes the calculated values of the buck
converter components besides its specifications.

Table 1. Buck converter specifications and
component values

Parameter/Component Values
Input voltage 12V
Output voltage S5V
Switching frequency 550 kHz
Load current I1A-5A
Maximum output voltage ripple 50 mV
Inductor L 30 uH
Output capacitor C, 7 uF

2.1 DC-DC Buck Converter Modelling

2.1.1 ON-time Phase

During the on-time phase, switch Q is closed,
allowing current to flow through the inductor L.
This magnetic field around the inductor increases as
a result, and the inductor stores energy, while the
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diode is reverse-biased, and the output capacitor C,
supplies the load current. Figure 2 illustrates the
operation in the switch-on state. Equations (5), (6),
(7), and (8) are derived using Kirchhoff's laws. The
buck converter output voltage is expressed in (9)
and is equal to the output capacitor voltage.

e D ¥ Y Y\

® | -3
&
Fig. 2: Buck converter ON-time phase operation
dl;

A U A (5)
dling _ Vi—Ve 6
d L ©)
Ve , CodVe _ 7
Ry + dt fmd ( )
Ve _Iina _ Ve 8
dt Co RoCy ®)
V, =V, ©)

2.1.2 OFF-time Phase

During the off-time phase, the switch Q is open, and
the diode is forward-biased. The inductor L
discharges the stored energy to the load, and the
voltage across the inductor decreases. Figure 3
illustrates the operation in the switch-off state.
Equations (10), (11), (12), and (13) are derived
using Kirchhoff's laws. The output voltage of the
buck converter is expressed in (14) and is equal to
the output capacitor voltage.

®© o =3
4
Fig. 3: Buck converter OFF-time phase operation
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dt Cy RoCo
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=K (14)

2.1.3 State space Model
A dynamic system is represented linearly in the state
space model. It uses a matrix equation to describe a
time-invariant linear system. A linear or nonlinear
system's performance is frequently modeled using
state space models, [34], [35], [36]. The buck
converter is a nonlinear system because it is a
switching converter. The state space averaging
method effectively analyzes nonlinear systems, [37].
The state space model of the ON-time phase is
determined based on the equations (6), (8), and (9)
and can be expressed as (15) and (16). Furthermore,
the state space model of the OFF-time phase is
derived using equations (11), (13), and (14) and can
be expressed in matrix form as (17) and (18).

Alind

1
d _ in -
av, |~ |_z _L[u]w” (1)
dt L RaCy

=l 1] ["Vd] (16)

dling 0 1 ; 0

d _ C ind

i |- |l el o
dt L RoG

V=l 1| (18)

Assuming that the state variables are X; = [;5,4,
X,=1V, X = dg:d, X, =2 The
variable is ¥ =1V,, and the input variable is
U =V;. From (15), (16), (17), and (18), the state
space model of the buck converter during the ON

and OFF time phases can be expressed as (19), (20),
(21), and (22).

output

X=A4,.X+B,.U (19)
X=A4, X+B,.U (20)
Y=C .X+D,.U (21)
Y=C, .X+D,.U (22)

Where matrices X, X, A1, A2, B1, B2, C1, Ca, Dy,
D,, U are given by equations (23), (24), (25), (26)
and (27):
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I dlind
ind ;
X=[I«;]"X= v, 23)
dt
o
A =4; = 1 01 (24)
L RgCq
1
- 0
B, = H : B, = (25)
=[] -1
C;,=C=[0 1] (26)

Then, using the state space averaging method
with equations (28), (29), (30), and (31), the
matrices A, B, C, and D are calculated. The duty
cycle of the ON and OFF time phases is indicated
by the terms “d” and “(1-d)”, respectively, [37],
[38], [39].

A= A,.d+4,.(1—-d) (28)
B = B,.d+B,.(1—d) (29)
C=C.d+0C.(1—d) (30)
D =D,.d+D,.(1—d) (31)

Therefore, matrices A, B, C, and D are expressed
in (32), (33), (34), and (35). The buck converter
system's complete state space model is represented
by equations (36) and (37).

o 2
A= | ° (32)
L RyCy
1
B=d H (33)
0
c=[o 1] (34)
D=0 (35)
0 — 1
X = o |x+d. EIU (36)
L RyCo 0
Y=[0 11X (37)

Based on the buck converter state space model
given in (36) and (37) and its component values
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from Table 1, a systematic procedure to examine the
buck converter stability. Initially, the characteristic
equation was formulated using (38). Subsequently,
the system matrix A was substituted with the
relevant coefficients, leading to the expression (39).
The characteristic equation was then derived by
simplifying the determinant, resulting in (40).
Numerical substitution of the given values further
transformed the equation into (41). Subsequent
calculation of the discriminant A confirmed its
positivity, A = 1360544215.6462 > 0, paving the
way for applying the quadratic formula. The roots
$1=—52985.793599 and s,=89871.34925 were
obtained, and their negative values indicated that
both poles reside in the left half of the s-plane, as
indicated in the root locus plot shown in Figure 4.
Consequently, the conclusion was that the system is
stable under these conditions.

det[s] — A] =0 (38)
1
S ——
det |, “ |=0 (39)
- s+
L RyCo
2 1 1
s* + s+—=20 (40)
RyCy LGy

s? + 142857.143 s + 4761904761.905 = 0 (41)

Roct Locws

|
¥

najjinary Avs

Fig. 4: Root locus plot
2.1.4 Transfer Function

The transfer function can be obtained according to
the state space model presented in (36) and (37).
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Equations (42) and (43) yield the Laplace transform
of (36).

s.X = AX + B.U (42)

X = (sl — A)L.B.U (43)

Equation (44) expresses the output voltage by
substituting (43) with (37). Therefore, (45) can be
used to represent the buck converter transfer
function.

Y = C.(sI — A)"L.B.U + D.U (44)

E = C(sI — A LB + D (45)

Following the A, B, C, and D matrix values being
substituted into (45), equations (46) and (47)
describe the buck converter transfer function. It
incorporates the input voltage V;, the load resistance
R,, and the inductor's inductance L, where V(s) is
the buck converter output voltage and d(s) represent
the duty cycle ratio.

Vols) d

vils) Lcasz+ﬂias+1 (46)
vy (s) Vi

G,(s) ="—= : (47)

L
d 2L
(s)  Lcys +roSH

2.2 Op-Amp Based PID Controller Design
To design the op-amp-based PID controller for the
buck converter, the system's transfer function in
closed-loop is needed to define the controller
parameters for stable and fast response, as well as
minimal steady-state error. Figure 5 shows the block
diagram of the system. Through combining, as
given in equation (48), the transfer functions of the
PID controller G¢(s) with the buck converter Gy(s),
the transfer function of the system in closed-loop
Gu(s) can be written as equations (49) and (50),
where Vii(s) denotes the reference voltage. By
making the coefficients of (51) parts equal, K,, Kj,
and Kq can be expressed as equations (52), (53), and
(54), respectively.

wells) A Errons) Iy
—d X K, +— + K38

i

Fig. 5: System block diagram
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_dls Ki

Go(s) = 5= K, + 1 + Kys (48)
Vs Gpl9G )

Gel (S) = Vref(s) B 1+Gp(s]Gc(s] (49)
B (Kg 5% +Kp s+K;<V;

Gel(s) = (chs2+ﬂ%,s 1)+ (Rg 52 +Rp s+K)XV; 0

LCOSE+RLGS+1=Kd32+KpS+K=' (D

_|_Bpz| _ L
Kp - Ry, Ry (52)
1
K; = |_ SRE-C'gl =1 42
Kg=|-sR,C4| = LC, (54

3 Discussion

The transient analysis results of the proposed buck
converter were obtained using LTspice software
with an input voltage of 12 V, and a load current
ranging from 1A to 5 A. Figure 6 illustrates the
transient response of the output voltage to a load
current of 1 A. The output voltage converges to its
steady state value of 4.99722 V within 943.4 ps,
with a ripple voltage of 5.59 mV. The overshoot in
the output voltage during the start-up phase is 5.56
V. The efficiency of the system is 92.78%. Figure 7
illustrates the transient response of the output
voltage to a load current of 2.5 A. The output
voltage stabilizes at its regulated value of 4.99973 V
within 614.17 us, with a ripple voltage of 33.37 mV,
and an overshoot in the output voltage during the
start-up phase of 5.52 V. The efficiency of the
system is 92.83%. Figure 8 demonstrates the
transient response of the output voltage to a load
current of 5 A. The output voltage settles to its
steady state value of 4.99906 V within 521.68 us,
with a ripple voltage of 47.56 mV, and an overshoot
at output voltage during the start-up phase of 5.45
V. The efficiency of the system is 90.86%.

In comparison to the finding of [40], where the
transient output voltage reaches a steady state at 10
ms for a load of 1 A, the output voltage of the
presented converter settles to the target value faster.

In particular, the transient output voltage
response to a change in load current from 1 Ato 5 A
and back from 5 A to 1 A, depicted in Figure 9,
demonstrates the system's fast response. The system
settles to the regulated value with an undershoot
voltage of 92.62 mV and an overshoot voltage of
52.04 mV, while the recovery time is 83.36 ps and
46.32 ps, respectively.
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A comparison with prior studies, based on the
figure of merit (FOM) formula provided in (55) is
summarized in Table 2, and reveals that the
proposed buck converter with PID control in voltage
mode can produce the targeted output voltage across
the range of load currents while responding quickly
to variations in the load current.

Peak Ef ficiency (%) Step Load Change (md)

Max TranVolrage(mV)x MaxTran. Response (ps)

FOM =

%107 (55)

Table 2. The performance comparison of the
presented buck converter with previous works

References [41] [42] This work
Input voltage 12V 12V 12V
Output voltage 5V 5V 5V
Load current | 0.4A-—2A 1A-2A 1A-5A

Step load 1.6A 1A 4A
change
Ugfg:ﬁfgf/ NA/ NA/ | 83.36us/
) 500us 200us 46.32us
recovery time
Undershoot/ NA/ NA/ 92.62mV/
Overshoot 300mV 380mV | 52.04mV
Peak 99.29% | 99.61% | 92.83%
efficiency
FOM 0.0106 0.013 0.48

4 Conclusion

This paper successfully presents a voltage mode
operational amplifier-based PID controller for a
buck converter. The designed buck converter
demonstrated exemplary performance in response to
changes in load current from 1 A to 5 A. Its output
voltage settles to the targeted value within 943.4 ps.
The proposed converter recovers during load change
with an undershoot voltage of 92.62 mV, an
overshoot voltage of 52.04 mV, and a recovery time
of 83.36 us and 46.32 us, respectively. The peak
efficiency is 92.83%, and the maximum output
voltage ripple is 47.56 mV. These results
demonstrate the effectiveness of the PID control
method in regulating the output voltage. To enhance
the transient performances and power efficiency of
the buck converter, it may be possible to conduct
further research on digital control strategies through
artificial intelligence methods, especially neural
networks, and deep learning control methodologies,
in the future. Another recommendation for future
work is designing the converter at the layout level in
the 180nm CMOS process to determine the total
chip area.
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