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Abstract: The pulse-with modulated (PWM) dc-dc buck-boost converter is a non-minimum phase
system, which requires a proper control scheme to improve the transient response and provide
constant output voltage during line and load variations. The pole placement technique has been
proposed in the literature to control this type of power converter and achieve the desired response.
However, the systematic design procedure of such control law using a low-cost electronic circuit
has not been discussed. In this paper, the pole placement via state-feedback with an integral control
scheme of inverting the PWM dc-dc buck-boost converter is introduced. The control law is developed
based on the linearized power converter model in continuous conduction mode. A detailed design
procedure is given to represent the control equation using a simple electronic circuit that is suitable
for low-cost commercial applications. The mathematical model of the closed-loop power converter
circuit is built and simulated using SIMULINK and Simscape Electrical in MATLAB. The closed-loop
dc-dc buck-boost converter is tested under various operating conditions. It is confirmed that the
proposed control scheme improves the power converter dynamics, tracks the reference signal, and
maintains regulated output voltage during abrupt changes in input voltage and load current. The
simulation results show that the line variation of 5 V and load variation of 2 A around the nominal
operating point are rejected with a maximum percentage overshoot of 3.5% and a settling time
of 5.5 ms.

Keywords: analog control circuit; dc-dc converter; pole placement; pulse-width modulated; state
feedback with integral control

MSC: 37M05

1. Introduction

The PWM dc-dc converters are utilized in modern aircraft power systems and portable
communication devices due to their high efficiency, small size, and low cost. Portable elec-
tronic devices such as cell phones and laptops require a well-regulated dc supply voltage to
operate properly. However, the dc-dc converters encounter line and load variations during
their normal operation, which fluctuate the load voltage. Therefore, a controller is required
to provide a constant voltage and improve the transient response of the power converter.
Modern control techniques have been applied to control the power converter dynamics
due to their robustness against large disturbances. In [1], neural inverse optimal control
(NIOC) for a regenerative braking system in an electric vehicle (EV). A neural identifier
has been trained with an extended Kalman filter (EKF) to estimate the dc-dc buck-boost
power converter dynamics. An artificial neural network-based controller has also been
developed for a bidirectional power flow management system that comprises a dual-source
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low-voltage buck-boost converter [2]. However, the practical implementation of the control
schemes in [1,2] is complicated.

Other research efforts have proposed model predictive control (MPC) and adaptive
control techniques as alternatives for artificial neural network-based controllers. For
instance, the MPC of the buck-boost converter has been introduced in [3], in which a
switching algorithm is proposed to minimize the error for the power converter. In [4], a
centralized model predictive control has been developed to stabilize the DC microgrid
with versatile buck-boost converters. A direct model reference adaptive control [5] and
an optimal adaptive control [6] have also been presented for boost and voltage source
converters, respectively. A nonlinear control based on the Lyapunov function has been
developed in [7] for power management systems, whereas an inverse-system decoupling
control method has been presented in [8] for a dc-dc buck-boost converter. Despite the
robust control performance, the previous control strategies require tedious mathematical
computations and high-cost for practical implementation.

Feedback linearization methods have been discussed in [9–13] for dc-dc power con-
verters. A feedback control law based on full feedback linearization has been introduced for
the buck, boost, and buck-boost converters [9]. Feedback linearization has been presented
to control the buck-boost power converter [10,11], boost converter [12], and modular mul-
tilevel converter-bidirectional dc-dc power converter [13]. However, the aforementioned
research efforts fall short of introducing systematic design procedures for the practical
implementation of feedback linearization control law. Other research endeavors have
proposed full-state feedback control via a pole placement technique [14–18]. In contrast to
the classical voltage-mode controllers, all the state variables of the power converter are fed
back through constant gains. Such a feature allows the state feedback control law to place
the closed-loop poles arbitrarily in the left-half-plane (LHP). Thus, the closed-loop system
response can be shaped such that the desired specifications are achieved.

The state feedback control based on the normalized linear state-space average model
has been presented in [14] to regulate the output voltage of the dc-dc converters. In [15],
the state feedback control is applied to the dc-dc converters and compared with different
methods, such as fuzzy logic and neural network controllers. Furthermore, moving unstable
poles to the LHP based on a digital state feedback control has been presented in [16]. Such
control methods have been presented to regulate the system state variables and achieve
the desired transient response. However, the steady-state error elimination has not been
discussed. Other methods, such as a power smoothing control using sliding-mode control, a
pole placement criterion [17], and a minimum degree pole placement-based digital adaptive
control [18], have been proposed for power converters. State feedback with integral control
of a PWM push-pull dc-dc power converter has also been reported in [19].

Recently, a pole placement and sensitivity function shaping technique has been ap-
plied to the dc-dc buck converter [20]. The control system has been validated using
MATLAB/SIMULINK. Experimental validation has been performed on a dc-dc buck con-
verter with a constant power load (CPL) using a hardware-in-the-loop (HIL) system, where
dSPACE DS1104 has been utilized to implement the control law. In [21], a state feedback
control via pole placement is designed on the basis of a nonlinear model of a fuel cell
interleaved buck-boost converter. The aforementioned control systems yield robust control
performance, mitigate the non-minimum phase issue, and improve the transient response
of the power converter. However, design complexity and high-cost implementation have
been noticed. In addition, the systematic design procedure and realization of such a control
scheme using a simple analog circuit have not been reported. The comparison among
previous control methods is presented in Table 1.
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Table 1. Modern control techniques of dc-dc power converters.

Control Technique Advantages Disadvantages References

Neural inverse optimal
control (NIOC) i. Robustness against large

disturbances.

ii. Estimating converter dynamics.

i. Complexity of practical
control system design.

ii. High-cost control system
implementation.

[1]

Artificial neural
network-based control [2]

Model predictive control (MPC)
i. Fast dynamical response.
ii. Accurate tracking performance.

Practical implementation has not
been discussed. [3]

Centralized MPC
i. Fast dynamical response.
ii. Less computational efforts than

traditional MPC.

High-cost control system
implementation.

[4]

Direct model reference
adaptive control

Robustness against voltage and
frequency variations.

Complexity of control system
implementation. [5]

Optimal adaptive control Estimation of uncertainties and
disturbances

High-cost control system
implementation (dSPACE). [6]

Lyapunov-based
nonlinear control Robustness against load variations. Practical implementation has not

been covered. [7]

Inverse-system
decoupling control Disturbance rejection capability. Design procedure of control circuit

has not been provided. [8]

Feedback linearization control Mitigation of CPL and zero dynamics. Design procedure of control circuit
has not been provided. [9–13]

State-feedback control via
pole placement

Placement of closed-loop poles at
desired locations.

Steady-state error issue.
Design procedure of control circuit
has not been provided.

[14–18]

State-feedback with
integral control

State variables regulation and
steady-state error elimination.

Design procedure of control circuit
has not been introduced.
High-cost control system
implementation (dSPACE).

[19]

pole placement control with
sensitivity function

Mitigation of CPL and non-minimum
phase issue. [20]

Motivated by the control design approach in [22,23], the pole placement via state-
feedback with integral control of an inverting PWM dc-dc buck-boost converter in continu-
ous conduction mode (CCM) is introduced. The contributions of this research work are
listed below:

• The state-feedback with integral control law is designed based on an ideal small-
signal model and tested with a nonlinear power converter model that includes all
parasitic components;

• The realization of the proposed control circuit has been introduced using op-amps,
resistors, and a capacitor;

• The closed-loop SIMULINK model and the corresponding closed-loop Simscape power
converter circuit have been simulated in MATLAB to validate the design approach;

• The transient characteristics, tracking performance, and disturbance rejection capabil-
ity of the proposed control circuit have been investigated.

The control scheme is designed to track the desired trajectory and improve the transient
response of the power converter. The control system parameters are selected to place the
closed-loop poles at the desired location and guarantee the system’s stability.

The rest of the paper is organized as follows. Section 2 introduces the mathematical
model of the power converter in CCM. Section 3 discusses the state feedback with integral
control design. Section 4 presents the realization of the analog control circuit. In Section 5,
the control design procedure flowchart is introduced. The results and discussion are given
in Section 6, and Section 7 covers the conclusions.



Mathematics 2023, 11, 2139 4 of 18

2. Mathematical Model of Inverting DC-DC Buck-Boost Converter
2.1. Nonlinear Model

The topology of inverting the dc-dc buck-boost converter is depicted in Figure 1a. The
power converter is highly nonlinear because of the switching network presented by the
MOSFET S and the diode D1. The inductor L and the capacitor C represent the energy
storage components in the circuit. The switching elements S and D1 operate alternatively
in CCM, which give two possible structures for the dc-dc converter [17]. The non-ideal
equivalent circuit of the power converter is given in Figure 1b. As shown in Figure 1b, the
equivalent series resistances (ESRs) of L and C are rL and rC, respectively. Moreover, rF, VF,
and rDS represent the parasitic components of the diode D1 and switch S, respectively.

Mathematics 2023, 11, x FOR PEER REVIEW 4 of 19 
 

 

2. Mathematical Model of Inverting DC-DC Buck-Boost Converter 
2.1. Nonlinear Model 

The topology of inverting the dc-dc buck-boost converter is depicted in Figure 1a. 
The power converter is highly nonlinear because of the switching network presented by 
the MOSFET S and the diode D1. The inductor L and the capacitor C represent the energy 
storage components in the circuit. The switching elements S and D1 operate alternatively 
in CCM, which give two possible structures for the dc-dc converter [17]. The non-ideal 
equivalent circuit of the power converter is given in Figure 1b. As shown in Figure 1b, the 
equivalent series resistances (ESRs) of L and C are rL and rC, respectively. Moreover, rF, 
VF, and rDS represent the parasitic components of the diode D1 and switch S, respectively. 

Based on the averaging theory, the large-signal averaged model of the dc-dc buck-
boost converter is derived in [24] using Kirchhoff’s voltage and current laws. The nonlin-
ear dynamics and output voltage vO are expressed as  

  diL
dt = 1

L (vI − rDSiL)dT + (vO − VF − rFiL)dT − rLiL
dvC

dt = − 1
C iLdT + iO ,                                                

 (1) 

and  

vO = vC − rC(iLdT + iO). (2) 

In (1) and (2), the input voltage vI, load resistor r, load current iO, inductor current 
iL, output voltage vO, and capacitor voltage vC are represented as large-signal quantities. 
In addition, dT is the large-signal quantity of the time interval at which S is ON, whereas 
dT is the large-signal quantity of the time interval at which S is OFF. The duty cycle dT is 
defined such that dT ∈  [0, 1]. In fact, dT  represents the control signal that regulates vO 
during the line and load disturbances. 

The non-ideal large-signal averaged model in (1) and (2) emulates the dynamics of 
the actual power converter. Hence, it can be used to investigate the tracking and regula-
tion performance of the proposed state feedback controller in MATLAB/SIMULINK. 

  
(a) (b) 

Figure 1. (a) The inverting dc-dc buck-boost converter circuit. (b) The equivalent circuit of the non-
ideal buck-boost converter in CCM. 

2.2. Linearized State-Space Averaged Model 
The small-signal ac model of the dc-dc converter must be derived to design the state 

feedback with the integral controller. Therefore, the nonlinear model should be linearized 
around the equilibrium point. To simplify the control design process, the parasitic com-
ponents in (1) and (2) are neglected. Thus, an ideal large-signal state-space averaged 
model is obtained 
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Based on the averaging theory, the large-signal averaged model of the dc-dc buck-
boost converter is derived in [24] using Kirchhoff’s voltage and current laws. The nonlinear
dynamics and output voltage vO are expressed as diL

dt = 1
L [(vI − rDSiL)dT + (vO −VF − rFiL)

−
dT − rLiL]

dvC
dt = − 1

C [iL
−
dT + iO],

(1)

and

vO = vC − rC(iL
−
dT + iO). (2)

In (1) and (2), the input voltage vI , load resistor r, load current iO, inductor current iL,
output voltage vO, and capacitor voltage vC are represented as large-signal quantities. In

addition, dT is the large-signal quantity of the time interval at which S is ON, whereas
−
dT is

the large-signal quantity of the time interval at which S is OFF. The duty cycle dT is defined
such that dT∈[0, 1]. In fact, dT represents the control signal that regulates vO during the
line and load disturbances.

The non-ideal large-signal averaged model in (1) and (2) emulates the dynamics of the
actual power converter. Hence, it can be used to investigate the tracking and regulation
performance of the proposed state feedback controller in MATLAB/SIMULINK.

2.2. Linearized State-Space Averaged Model

The small-signal ac model of the dc-dc converter must be derived to design the
state feedback with the integral controller. Therefore, the nonlinear model should be
linearized around the equilibrium point. To simplify the control design process, the
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parasitic components in (1) and (2) are neglected. Thus, an ideal large-signal state-space
averaged model is obtained

[ diL
dt

dvC
dt

]
=

 0
−
dT
L

−
−
dT
C

−1
rC

[ iL
vC

]
+

[ vI
L
0

]
dT , (3)

where vC = vO.
The steady-state values of the inductor current IL and output voltage VC of the invert-

ing dc-dc buck-boost converter can be written as
IL = VC

R
−
DT

VC = −DTVI
−
DT

, (4)

where DT , VI , and R are the steady-state values of the duty cycle, input voltage, and load
resistance, respectively. Next, the linearized small-signal averaged model can be derived
by linearizing (3) around the equilibrium point given in (4), which gives d

~
i L

dt
d

~
vC
dt

 =

 0
−
DT
L

−
−
DT
C

−1
RC

[~
i L
~
vC

]
+

[
VI−VC

L
IL
C

]
~
d, (5)

and
~
vO =

[
0 1

][~
i L
~
vC

]
+ [0]

~
d. (6)

The small-signal ac quantities of the inductor current, capacitor voltage, and duty

cycle are
~
i L,

~
vC, and

~
d, respectively. The small-signal model can also be represented in

compact form as { .
x = Ax + Bu
y = Cx + Du

(7)

The state variables vector x contains
~
i L and

~
vC, while the input u and output y

represent
~
d and

~
vO, respectively. The matrices A, B, C, and D are defined in (5) and (6). The

parameters of the dc-dc buck-boost converter are given in Table 2.

Table 2. Parameters of dc-dc buck-boost converter [24].

Description Parameter Value

Inductor L 30 µH
Output capacitor C 2.2 mF
Load resistance R (1.2–12) Ω
Inductor ESR rL 0.050 Ω
Output capacitor ESR rC 0.006 Ω
MOSFET on-resistance rDS 0.110 Ω
Diode forward resistance rF 0.020 Ω
Diode threshold voltage VF 0.700 V
Input voltage VI 28 ± 4 V
Output voltage VO 12 V
Switching frequency fs 100 kHz

3. State-Feedback with Integral Control Design
3.1. Control Law Design

The block diagram of the state feedback with integral control system is shown in
Figure 2. The control objective is to find the controller gains that place the closed-loop poles
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arbitrarily at the desired location on the s-plane and obtain the desired system response. If
the state variables are available for measurements, the pole placement can be achieved if
the system is controllable [25], which means that the controllability matrix

Co =
[
B AB A2B . . . An−1B

]
(8)

has a full rank.
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Furthermore, the power converter output voltage should track the desired reference
voltage Vr. Hence, an integral part is added to the control scheme, which adds a new state
xn+1 to the system with an integral gain Kn+1. From Figure 2, we have

.
xn+1 = Vr − (Cx + Du). (9)

A control law u can be selected as

u = −Kx− Kn+1xn+1, (10)

where K is a 1 × n vector of constant gains. Substituting (10) back into (9) gives

.
xn+1 = Vr − (C−DK)x + DKn+1xn+1 (11)

On the other hand, if (10) is substituted into the open-loop state Equation (7), one obtains

.
x = Ax− B(Kx + Kn+1xn+1) (12)

Rearranging (12) results in

.
x = (A− BK)x− BKn+1xn+1 (13)

Now, based on (11) and (13), the augmented state-space model of the power converter
can be written as [ .

x
.
xn+1

]
=

[
A− BK −BKn+1
−C + DK DKn+1

][
x

xn+1

]
+

[
Θ
1

]
Vr (14)

where Θ is an n × 1 vector of zeros. Hence, the closed-loop dc-dc buck-boost converter
dynamics become 

.
−
x =

(−
A−

−
B
−
K
)
−
x +

[
Θ
1

]
Vr.

−
y =

−
C
−
x

(15)
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The matrices
−
A,
−
B,
−
C, and

−
K are given by

−
A =

[
A Θ
−C 0

]
(16)

−
B =

[
B
−D

]
(17)

−
C =

[
C−DK −DKn+1

]
(18)

−
K =

[
K Kn+1

]
. (19)

It should be noted that the pair [
−
A,
−
B] must be completely controllable in order to place

the eigenvalues of the matrix (
−
A−

−
B
−
K) arbitrarily [25]. Thus, the controller gains vector

−
K

and can place the closed-loop poles of the system dynamics in (15) at the desired location
on the s-plane.

The vector
−
K can be computed manually via comparing the characteristic polynomial

of the matrix (
−
A−

−
B
−
K) with the desired characteristic polynomial CP

CP = sn+1 + αnsn + . . . + α1s + α0. (20)

The parameters α0, α1, . . . αn are real constants, which are determined based on the
desired closed-loop poles as illustrated in the following subsection.

3.2. Controller Gains Selection

In this research, the control objective is to obtain a transient response with a percentage
overshoot PO ≤ 5% and settling time ts ≤ 5 ms. The desired specifications are selected
based on the buck-boost simulation results reported in [24]. It is also required to track
a time-varying reference voltage Vr, regulate the output voltage, and reject the line and
load variations.

To simplify the design process, the linearized ideal small-signal model in (5) is consid-
ered. The dominant closed-loop poles can be obtained using the characteristic equation of
the second order system

s2 + 2ζωns + ω2
n = 0. (21)

In [25], the relationship between the settling time, damping ratio, and natural fre-
quency is defined by

ts ∼=
4.6
ζωn

. (22)

Based on (22), if the desired settling time ts and damping ratio ζ are set to 1.5 ms and
0.688, respectively, the natural frequency ωn is 4489.5 rad/s. It should be noted that the
choice of ts and ζ is not unique. The designer can choose different values for ts and ζ that
give excellent results. However, the values of the controller gains must be maintained to
avoid any issues with the practical implementation of the electronic control circuit.

Using (21), ζ, and ωn, the dominant closed-loop poles are s1, 2 = −3089 ± j3258.
However, since the closed-loop control system in (15) comprises three state variables
(inductor current, capacitor voltage, and output voltage error), a third pole should be
placed far to the left at s3 = −12000 on the s-plane, so that the desired transient response is
not affected. Thus, the desired closed-loop poles of the state feedback with integral control
system yield

P =
[
−3089 + j3258 −3089− j3258 −12000

]
. (23)
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Next, (16) and (17) can be used to evaluate the matrices
−
A and

−
B based on the parame-

ters of the buck-boost converter given in Table 2. In MATLAB, it can be verified that the

pair [
−
A,
−
B] has a full rank and the system is controllable. Thus, the feedback gain vector

−
K

can easily be computed using (acker) command in MATLAB, which gives

−
K =

[
0.011 −0.170 600

]
. (24)

The unit step response of the compensated small-signal linearized model of the in-
verting dc-dc buck-boost converter in CCM is shown in Figure 3. It can be seen that the
output voltage vO tracks the desired trajectory, while the percentage peak overshoot PO
and settling time ts are about 4.7% and 1.7 ms, respectively.
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It is worth noting that the gains of the state feedback with integral control law in (24)
are designed based on the linearized ideal dc-dc buck-boost converter model. Hence,
when the simulation is conducted with a nonlinear power converter model with all the
parasitic components included, the transient response characteristics will be different from
the response shown in Figure 3. It will exhibit a longer settling time and larger PO. This
is true because the linearized model does not include all the information on the actual
dc-dc power converter dynamics. However, the state feedback controller gains can be
tuned to compensate for the parasitic components effects and obtain the desired transient
response characteristics.

3.3. Structure of Proposed Control System

The MATLAB/SIMULINK model of the state feedback with integral control of the
PWM dc-dc buck-boost converter in CCM is shown in Figure 4.
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Figure 4. MATLAB/SIMULINK model of state feedback with integral control system of inverting
dc-dc buck-boost converter.

The closed-loop control system of the dc-dc buck-boost converter is made up of the
following parts:

• Pulse-Width Modulator: The PWM subsystem contains a comparator that compares
the state feedback with integral control law with the ramp voltage VT to generate the
duty cycle dT that drives the nonlinear power converter model;

• Power Converter: The large-signal non-ideal dc-dc buck-boost converter model is built
in MATLAB/SIMULINK using s-function based on the state-space equations given in
(1) and (2). The nonlinear model emulates the dc-dc buck-boost converter dynamics;

• State Feedback with Integral Controller: The controller subsystem comprises the state
feedback with integral control law given in (10) along with the state feedback controller
gains defined in (24).

4. Realization of Analog Control Circuit

The control scheme given in Figure 4 should be converted to an analog control circuit
that can easily be built using electronic components. The schematic of the proposed control
circuit is given in Figure 5. The control circuit is made up of op-amps, resistors, and a
capacitor. Despite the nonidealities and tolerances of the electronic elements, the overall
control circuit must reflect the mathematical expression of the given control law, which is
designed via the pole placement technique.

The design steps of the state feedback with an integral control circuit are summarized
as follows:

• Voltage sensor gain β: The buck-boost converter is designed to convert 28 V to 12 V. If
the reference voltage Vr = 2 V, then the feedback network gain β is Vr

Vo
= 2

12 = 1
6 ;

• Summing, inverting, and differential op-amps: The gain of the summing, inverting,
and differential op-maps in the control circuit is unity. Thus, the resistors of the
summing op-amps RS1, RS2, and RS3, inverting op-amp RI1 and RI2, and differential
op-amp RF1 and RF2 are set to 5.1 kΩ;

• Pulse-Width Modulator: The peak ramp voltage VT is set to 2 V, whereas the switching
frequency fs is 100 kHz.

• Inductor current gain K1: In the control design section, the gain of the inductor current
K1 has been computed as 0.011. Since the gain K1 = RL2

RL1
, the resistor RL1 and RL2 can

be set to 100 kΩ and 1.1 kΩ, respectively;
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• Output voltage gain K2: In the control design section, the gain of the output voltage
K2 has been computed as 0.17. Since the gain K2 = RV2

RV1
, the resistor RV2 and RV1 can

be set to 100 kΩ and 17 kΩ, respectively;
• Integral gain K3: As reported in [26], the integral gain is defined as K3 = 1

R1C1
. In

the control design section, the gain K3 has been computed as 600. If the resistor R1 is
assumed to be 33 kΩ, then the capacitor C1 is 56 nF;
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It should be noted that accurate output voltage and inductor current sensors are
required to measure the control state variables. The inductor current measurement is
important in the state feedback with an integral control system to improve the transient
response characteristics and handle the non-minimum phase power converter [27]. General-
purpose op-amps such as LF357 can be utilized to build the state feedback with the integral
control circuit.

Additionally, the design procedure of the control circuit given above does not include
the selection of the pulse-width modulator and the high-side gate driver of the MOSFET.
The mitigations for over-voltage protection, over-current protection, EMC/EMI compat-
ibility, and other practical engineering aspects should also be considered to develop an
experimental prototype for testing and evaluation.

5. Flowchart of State-Feedback with Integral Control Design

The step-by-step design procedure of the state-feedback with integral control of the
dc-dc buck-boost converter is summarized in a flowchart as shown in Figure 6.

First, the linearized small-signal averaged model of the power converter is derived
in state-space form as defined in (5) and (6). The next step is to construct the closed-loop

power converter dynamics as shown in (15), from which the matrices
−
A,
−
B, and

−
C are

obtained. Subsequently, the rank of the controllability matrix is computed to confirm that

the pair [
−
A,
−
B] is controllable.
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The dominant closed-loop poles are obtained using the characteristic equation of the
second-order system given in (21). Next, based on (22), the desired percentage overshoot
and settling time yield the required damping ratio and natural frequency, which give the
desired dominant poles. Since the augmented model contains three state variables, the
third pole should be placed far to the left on the s-plane in order to maintain the desired
transient response. Then, the desired closed-loop poles are lumped together as shown
in (23), and the state-feedback control gains given in (24) are computed using the acker
command in MATLAB.

Finally, the SIMULINK model of the state-feedback with an integral-controlled PWM
dc-dc buck-boost converter is simulated to verify the tracking performance of the control
system. If the desired response is achieved, the control equation is converted to an elec-
tronic circuit as explained in Section 4. However, if the system response requires further
enhancement, the closed-loop poles’ location can be adjusted and the controller gains are
re-calculated for verification.
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6. Results and Discussion
6.1. Validation of Control Design Approach

The schematic of state-feedback with an integral control circuit in Figure 5 has
been constructed using Simscape Electrical in MATLAB. In order to validate the con-
trol design methodology, the electronic control circuit has been compared with the MAT-
LAB/SIMULINK nonlinear model of the closed-loop control system given in Figure 4. The
power converter parameters are defined in Table 2. The proposed state feedback controller
gains are given in (24), whereas the corresponding electronic control circuit elements are
defined in Section 4.

The MATLAB/SIMULINK model and the closed-loop power converter circuit in
Simscape Electrical are simulated and compared under nominal operating conditions (load
resistance R = 3 Ω and input voltage VI = 28 V). The simulation of the two closed-loop
control schemes is conducted in MATLAB using (Automatic) solver and 0.1 µs step-size.
The waveforms of the ramp voltage VT, control voltage u, gate-to-source voltage vGS, the
inductor current iL, and output voltage vO during steady-state are shown in Figure 7. The
simulation results of the mathematical closed-loop power converter model in SIMULINK
and the corresponding closed-loop power converter circuit in Simscape Electrical are
depicted in Figures 7a and 7b, respectively.
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figures show the control input u, ramp voltage VT, gate-to-source voltage vGS, inductor current iL,
and output voltage vO.

It can be seen that the waveforms obtained from the mathematical model in Figure 7a
and those obtained from the corresponding electronic circuit in Figure 7b are identical.
That means the mathematical model of the power converter mathematical model emulates
the power converter circuit dynamics successfully. Additionally, the state feedback with
integral control law has been represented by the analog control circuit properly, which
validates the control circuit design approach.

Notably, the dc output voltage is regulated at−12 V with a duty cycle of 0.336, whereas
the switching frequency of the ramp voltage waveform VT is 100 kHz. The negative output
voltage is due to the topology of the inverting dc-dc buck-boost converter. It can also be
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seen that the power converter operates in CCM because the inductor current waveform is
maintained above zero. The average value of the inductor current is around 5.99 A.

6.2. Rejection of Line and Load Variations

The performance of the state feedback with an integral control system has been
investigated considering step change in input voltage vI and load current iO. The output
voltage response during line variation is shown in Figure 8. In Figure 8a, as vI changes
from 28 V to 33 V, the percentage overshoot PO and settling time ts are about 2.6% and
5.50 ms, respectively. Moreover, when the input voltage vI changes from 28 V to 23 V as
shown in Figure 8b, the maximum PO and ts are around 3.5% and 5.5 ms, respectively. In
both cases, it can be noticed that vO is regulated at the desired value while maintaining
consistent dynamics during the line variations.
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Figure 8. The tracking performance of the state feedback with integral control of inverting dc-dc
buck-boost converter under line disturbance. (a) The output voltage response vO when the input
voltage vI changes from 28 V to 33 V during the time interval 20 ≤ t ≤ 32.5 ms. (b) The output
voltage response vO when the input voltage vI changes from 28 V to 23 V during the time interval
20 ≤ t ≤ 32.5 ms.

On the other hand, the output voltage responses to a step change in load current iO
are depicted in Figure 9. As shown in Figure 9a, when the load current iO increases from
4 A to 6 A, the output voltage vO exhibits a maximum percentage overshoot PO of 2% with
settling time ts of 4 ms. However, when the load current iO decreases from 4 A to 2.5 A,
Figure 9b shows that the output voltage vO has a maximum percentage undershoot PO of
1% and reaches the steady-state value after 3.5 ms.

The simulation results show the disturbance rejection capability of the proposed
control system. Although the control design is conducted based on the linearized ideal
state-space model, the control circuit can still handle the nonlinear dynamics of the dc-
dc buck-boost converter. In addition, the percentage overshoot and settling time of the
output voltage response remain within the desired limits (maximum percentage overshoot
PO ≤ 5% and settling time ts ≤ 5 ms).
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Figure 9. The tracking performance of the state feedback with integral control of inverting dc-dc
buck-boost converter under load disturbance. (a) The output voltage response vO when the load
current iO changes from 4 A to 6 A during the time interval 20 ≤ t ≤ 32.5 ms. (b) The output
voltage response vO when the load current iO changes from 4 A to 2.5 A during the time interval
20 ≤ t ≤ 32.5 ms.

6.3. Tracking of Time-Varying Reference Voltage

The output voltage response vO during step changes in the reference voltage Vr is
shown in Figure 10. The power converter operates at nominal operating conditions (load
resistance R = 3 Ω and input voltage VI = 28 V). It can be noticed that when the reference
voltage Vr steps down from 2 V to 1.5 V, the output voltage vO follows the desired trajectory
vd and shifts down from −12 V to −9 V. Likewise, when the reference voltage Vr steps
up from 2 V to 2.5 V, then the output voltage vO tracks the desired trajectory vd and shifts
down from −12 V to −15 V. In both cases, the output voltage vO takes about 5.5 ms with
no percentage overshoot to reach the steady-state value. Thus, the simulation results show
that the proposed control circuit tracks the desired trajectory effectively.
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Figure 10. The output voltage response vO of the state feedback with integral control of PWM dc-dc
buck-boost converter in CCM during a time-varying reference voltage Vr. The upper sub-figure
shows the step changes in reference voltage Vr. The lower sub-figure shows the tracking performance
of the output voltage response vO with respect to the desired trajectory vd.
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However, the output voltage response of the closed-loop nonlinear power converter
circuit in Figure 10 exhibits a longer settling time as compared to that of the closed-loop
ideal linearized power converter model shown in Figure 3. The discrepancy between
the characteristics of the two responses is due to the inclusion of the nonlinearity and
parasitic components of the dc-dc converter and the control circuit, which are not consid-
ered in the linearized closed-loop power converter model. Thus, the nonlinearities and
modeling uncertainty of the power converter increase the settling time of the closed-loop
system response.

Table 3 summarizes the characteristics of the state-feedback with an integral controlled
dc-dc buck-boost converter under step changes in input voltage, load current, and the
reference voltage. It can be noticed that the output voltage is maintained at −12 V during
line and load variations. However, when the reference voltage changes, the output voltage
follows the new desired trajectory as shown in Figure 10.

Table 3. Characteristics of proposed control circuit response during step changes in load current,
input voltage, and reference voltage.

Disturbance Type
(∆iO, ∆vI, ∆Vr)

Overshoot/Undershoot (%) Settling Time (ms) Output Voltage (V)

∆iO → 4 A to 6.0 A 2 4 −12
∆iO → 4 A to 2.5 A 1 3.5 −12
∆vI → 28 V to 33 V 2.6 5.5 −12
∆vI → 28 V to 23 V 3.5 5.5 −12
∆Vr → 2 V to 2.5 V 0 5.5 −15
∆Vr → 2 V to 1.5 V 0 5.5 −9

7. Conclusions

The state feedback with integral control circuit using the pole placement technique
has been developed for the inverting PWM dc-dc buck-boost converter in CCM. The
control design methodology and the realization of the proposed control circuit have been
introduced. The SIMULINK model and the corresponding Simscape Electrical circuit of
the closed-loop power converter have been simulated in MATLAB to validate the design
approach. It has been observed that the simulation results of the nonlinear closed-loop
power converter model and the corresponding closed-loop power converter circuit are in
good agreement. The pole placement technique results in a control law that places the
closed-loop poles at the desired location on the left-half plane (LHP) and achieves the
desired transient response. Furthermore, the state feedback with integral control eliminates
the steady-state error at the output voltage and provides precise tracking performance. It
has been shown that the line variation of 5 V and load variation of 2 A around the nominal
operating point have been rejected with a percentage overshoot of 3.5% and settling time
of 5.5 ms.

The state feedback with an integral control scheme is simple and implementable
using op-amps and analog components, which is attractive for commercial and low-cost
industrial applications. The proposed control design approach is flexible, which allows the
designer to freely choose the closed-loop poles’ location, compute the controller gains that
meet the requirements, and convert the control equation to an electronic control circuit. The
controller gains of the control circuit can further be tuned to compensate for actual power
converter dynamics and improve the transient response characteristics. On the contrary, if
a digital signal processor is chosen to implement the state feedback control algorithm, then
the control law must be discretized, and further analysis is required in the z-domain to
maintain the stability of the digital control system. Hence, the proposed design technique
introduces a competitive alternative for embedded system-based control implementation.
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Abbreviations

List of Acronyms
PWM pulse-width modulated
EV electric vehicle
NIOC neural inverse optimal control
EKF extended Kalman filter
MPC model predictive control
LHP left-half-plane
CPL constant power load
HIL hardware-in-the-loop
CCM continuous conduction mode
MOSFET metal-oxide-semiconductor field-effect transistor
ESR equivalent series resistance
PO percentage overshoot
CP characteristic polynomial
EMC electromagnetic compatibility
EMI electromagnetic interference
List of Symbols
S MOSFET
D1 Diode
L Inductor
C Output capacitor
rL Inductor ESR
rC Capacitor ESR
rF Diode forward resistance
VF Diode threshold voltage
rDS MOSFET on-resistance
vI Large-signal input voltage
vO Large-signal output voltage
r Large-signal load resistance
iO Large-signal load current
dT Large-signal time interval when S is ON
−
dT Large-signal time interval when S is OFF
iL Large-signal inductor current
vC Large-signal capacitor voltage
VI Steady-state input voltage
VO Steady-state output voltage
R Steady-state load resistance
IL Steady-state inductor current
DT Steady-state time interval when S is ON
−
DT Steady-state time interval when S is OFF
~
i L Small-signal ac inductor current
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~
vC Small-signal ac capacitor voltage
~
d Small-signal ac duty cycle
x State variables vector
A State matrix
B Input matrix
C Output matrix
D Direct transmission matrix
Co Controllability matrix
u System input
y System output
Vr Desired reference voltage
K Constant gains vector
Θ Zeros vector
ts Settling time
ζ Damping ratio
ωn Natural frequency
P Desired closed-loop poles vector
β Voltage sensor gain
VT Peak ramp voltage
fs Switching frequency
K1 Inductor current gain
K2 Output voltage gain
K3 Integral gain
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