DAL FELTS

Article

Energy Storage and Conversion 2024, 2(1), 426.
https://doi.org/10.59400/esc.v2i1.426

Nonlinear controller for SEPIC with single variable to tune

Youssef El Haj, Vijay Sood”, Ahmed Sheir, Ruth Milman

Department of Electrical and Computer Engineering, Ontario Tech University, Oshawa L1H 7K4, Canada
* Corresponding author: Vijay Sood, vijay.sood@ontariotechu.ca

CITATION

El Haj Y, Sood V, Sheir A, Milman
R. Nonlinear controller for SEPIC
with single variable to tune. Energy
Storage and Conversion. 2024; 2(1):
426.
https://doi.org/10.59400/esc.v2i1.426

ARTICLE INFO

Received: 22 December 2023
Accepted: 22 January 2024
Available online: 19 February 2024

COPYRIGHT

Abstract: This work proposes a systematic approach to design a novel integral sliding mode
controller (ISMC) for a single-ended primary-inductor converter (SEPIC) with only one
tunable parameter where the upper and the lower bounds are derived. The designed surface
results in a minimal chattering behaviour at the output voltage as well as at the duty cycle and
allows for operating the SEPIC at a fixed switching frequency. The proposed controller can
withstand up to a 70% variation in the input voltage and 100% variation on the load side in
addition to superior performance for a cold start. The proposed controller and the
corresponding mathematical formulation were simulated in a Simulink environment and
experimentally tested via a scaled prototype. The proposed controller performance is also
compared to a Type-Il and integral Linear-Quadratic Regulators (LQR).
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1. Introduction

Different types of controllers are designed to achieve one or more objectives
based on the target application [1]. For example, in low-power electronic circuits,
controlling the converter’s output power is the main design objective. This can be
extended to different applications such as LED drives in lighting applications, where
the lights can be dimmed by adjusting the converter’s output voltage. Battery charging
application is another application where the controller is designed to serve objectives
such as output current and voltage control. This is expandable to grid-connected
renewable energy sources and motor drive applications as well [1-3].

Within the field of power converters, the performance of the designed controller
is evaluated and measured based on four metrics: 1) steady-state gain and regulation,
2) dynamic response to load and input disturbances, 3) compliance to electromagnetic
interference (EMI) standards and/or total harmonic distortion (THD) regulations, and
4) contribution to converter protection schemes such as over current protection and
inrush current limiting. In addition, many controllers are designed not only to satisfy
the converter’s input-output regulation and performance metrics but also to improve
its performance under intrinsic uncertainties, such as components’ parasitic
capacitance and inductance variations due to soft/ hard saturations [1,4-6]. Therefore,
diverse types of control schemes are implemented to achieve as many design
objectives as possible. The simplest approach is direct output current control, where a
sense of the output voltage provides the correction signal to the controller which
adjusts the converter’s duty cycle to maintain the output voltage at or near its reference
setting. Such controllers lack the ability to contribute to the converter’s protection
scheme in terms of short-circuit protection. Other control schemes, such as peak
current control and average current control, control indirectly the converter’s output
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voltage by regulating the internal states such as the inductor current. The advantage of
such schemes is satisfying the majority of the controller design objectives while
contributing to the other aspects of its performance evaluation such as fast transients
and one-cycle short circuit protection [7].

Furthermore, from a controllers’ law point of view, they can be classified as either
linear or nonlinear controllers. Examples of linear controllers are proportional-integral
(PI) controllers, type II-11l compensators, LQR controllers, and state feedback
controllers [4,8]. On the other hand, hysteresis controllers, adaptive controllers, and
sliding mode controllers are examples of nonlinear controllers in power electronics.
While linear controllers are designed based on the converter’s linearized model, they
suffer from the severe disadvantage of being able to maintain their performance within
narrow regions around the linearized point. On the contrary, nonlinear controllers offer
superior performance in terms of satisfying their design objectives and performance
metrics over a wider range of load disturbances, input disturbances, parameter
uncertainties, and noise [9,10,11-14].

Among nonlinear controllers, the sliding mode controller (SMC) has the most
attention in both discrete and continuous forms [15]. SMC has a variable structure in
its dynamics, ensures disturbance and uncertainty rejection, and performs robust
tracking tasks. For instance, in the study of Hamed et al. [15], a modified SMC is
designed for a buck converter, and its performance is compared against different types
of linear and nonlinear controllers. The study shows that the proposed modified SMC
has superior characteristics and fast dynamics. Nonetheless, it is reported that the
proposed modified SMC was not able to overcome the chattering phenomenon
associated with SMC controllers in general. It also only includes the study of a well-
behaved buck converter without explaining how such a controller can be extended to
converters with right half-plane zeros or higher-order converters such as SEPIC
converters.

An improved SMC for output voltage control in a boost converter is developed
in the study of Chincholkar et al. [16]. The proposed controller is applied to a boost
converter and compared against Pl controllers. Although the research incorporates an
integral term which is a function of the normalized output voltage error, no details
were provided on how to solve the chattering issue in the converter’s output control
signal (duty cycle) or on how to extend this controller to higher-order converters
[10,17].

Another approach is introduced in the study of Gonzdez et al. [18] to overcome
the chattering in SMC. In the work, a PI controller is used to form an outer control
loop to form a double control loop with the SMC in discontinuous conduction mode
(DCM) buck-boost converter. This technique was able to improve the converter’s
dynamic and steady-state performance. However, it is based on a hysteresis-based
SMC which requires an adaptive feed-forward controller to reduce switching
frequency variation. Such frequency restriction is instrumental in reducing the
conducting EMI noise and reduces input filter design complexity.

A solution to the chattering phenomenon in SMC in power electronics is
introduced in the study of Pamdey et al. [19], Ghosh et al. [20], and Das et al. [21]. An
integral SMC is developed which solves the chattering issue in the control signal. This
is done by incorporating an integral term to average the output control signal which
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eliminates the chattering and confines the switching frequency to a single frequency.
However, the introduced work only covers the design procedure of second-order
converters such as buck and boost converters. It also does not cover the converter
tuning process that balances the reduction of the chattering of the control signal with
the desired dynamic performance.

Furthermore, optimization techniques and artificial intelligence-based SMC
design are also introduced [3,12-14,22-25]. It is undeniably beneficial to integrate
such techniques with advanced nonlinear controllers such as SMC. It restricts the
extension of such algorithms to lower power and high-density high-power applications
where more powerful digital controllers are not available due to size or cost
constraints.

In this work, an integral-based SMC is proposed with a systematic approach to
design a nonlinear SMC that has not been presented earlier and outlined for high-order
converters such as a SEPIC. The main advantage of the proposed controller is that it
needs a single value to be tuned in a defined interval with calculated upper and lower
bounds. Further, the proposed sliding surface is simple with respect to other proposed
sliding surfaces mentioned in the literature. It should be highlighted that the proposed
SMC did not compromise the robustness and the stability of the system because it was
derived based on the dynamics of the converter where the role of the surface elements
was explained and justified. The nonlinearity aspect of the derived SMC rejects
varying input voltage disturbances over a wide range. The proposed work is first
theoretically proven and then validated by simulation and experimental work. To
establish a benchmark with a linear controller, traditional Type-Il as well as integral
LQR compensators are designed, simulated, and compared with the proposed
controller. Furthermore, to complete the comparison analysis between the linear
controller versus the proposed ISMC, the Type-Il compensator will be compared
experimentally to the proposed controller. The comparison includes three test
categories: cold start, input voltage variation, and load disturbance tests.

The rest of the paper is organized as follows: Section 2 discusses the SEPIC and
sliding mode controller. Section 3 provides the detailed design and modeling of the
SEPIC converter. Section 4 deals with the linear and nonlinear controller overview
and design for the SEPIC converter. Section 5 provides a derivation of the proposed
controller and a step-by-step design guide. Section 6 gives the stability analysis of the
proposed controller using the Lyapunov methodology. Section 7 provides the
simulation and experimental results of three types of compensators: Type Il
compensator, integral LQR, and the proposed controller. Finally, section 8 gives
concluding remarks on the work presented.

2. SEPIC and sliding mode

The single-ended primary inductor converter (SEPIC) is a fourth-order DC-DC
converter. Its large-signal model is highly nonlinear and demonstrates bi-linearity with
respect to the control input. Linearized controllers are only valid in a small
neighborhood around the equilibrium point resulting in systems that are vulnerable to
instability when faced with any disturbance away from the linearized region. To tackle
this issue, a nonlinear controller that provides stable performance over the entire
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nonlinear model becomes essential, especially in applications where cost, stability,
and performance are critical criteria to maintain, such as integrating renewable energy
into the grid and electric vehicles.

Among the nonlinear controller alternatives, the sliding mode controller has an
edge with respect to others such as backstepping and feedback linearization. This is
because sliding mode control has a variable structure controller that ensures
disturbance and uncertainty rejection while performing robust tracking of the desired
trajectory. Since DC-DC converters are based on switching mechanisms where the
structure varies momentarily based on the switching cycle, a sliding mode controller
appropriately complements the application’s behaviour.

Different designs for sliding mode control of the SEPIC converter have been
addressed in the literature. The work presented in the study of Gireesh et al. [26] uses
a pulse width modulated (PWM) based integral sliding mode control (ISMC) strategy
for controlling the output voltage of a SEPIC converter. The work designed an ISMC
to regulate the output voltage. The input voltage was varied from 3 to 7 V while the
output was kept at 5 V. The load variation itself was not tested. The output plot had a
minor steady-state tracking error. The sliding surface was designed as an error function
using the input current, output voltage, and the integral of both voltage and current
errors. That sliding surface requires a definition of a reference current for the input
inductor. The system is driven based on a PWM signal that is generated based on the
equivalent control principle with no switching signal in the control law. On the
contrary, the study of Salazar-Duque et al. [27] simplified the sliding surface to be a
function of the inductor’s current. The reference currents were assigned as the steady-
state values of the currents. The controller was tested in two cases. In case I, the input
voltage was 24 V while the reference was changing from 8 to 30 V. In case Il, the
input voltage was 19 V, and the reference was varied again from 8 to 30 V. The control
law was dependent on switching signals with no indications of how it was performed
(hysteresis or PWM approach). The system was not tested for variation in the input
voltage during the operation or for load variation.

As discussed above, SEPIC converters have the inherent tendency to experience
chaotic behaviour as shown in the study of Kavitha et al. [28]. To overcome the
instability of the system, an SMC controller was proposed that used a sliding surface
composed of the inductor current signal subtracted from a reference value. The desired
duty cycle was generated using a hysteresis controller. The system did not investigate
the impact of varying either the input, the voltage, or the load on the output behaviour.

Given the fact that robustness is one of the most vital criteria to evaluate the
performance of a converter, the researchers in the field proposed another design to
ensure a robust response of the SEPIC converter as demonstrated in the study of Ablay
et al. [29], Li et al. [30], Komurcigil et al. [31] and Jaafar et al. [32]. In the study of
Ablay et.al. [29], the paper proposed an integral sliding mode controller (ISMC) by
defining a surface composed of the negative of the input inductor current and the
integral of the error of the output voltage. The surface is simple and proves its ability
to track the reference value. The input voltage was 15 V while the reference was varied
from 8-25 V. The work proposed a laboratory setup for the controller made of analog
components. The control signal was switched using on/off based (hysteresis)
technique depending on the sign of the sliding surface which results in a variable
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frequency pulse width modulation (PWM) signal. The system was not tested against
variation in either the input voltage or the load impedance. Furthermore, this work
used only a simulation study, and experimental results were not presented. Also, the
work did not justify how the surface was constructed nor the role of the surface
elements in system performance and stability. Additionally, from a mathematical
perspective, the utilization of the negative current will oppose the surface trajectory
which will result in accumulating more error in the integral function which may
eventually result in slow responses. Alternatively, the system may result in an
undesired transient oscillation to make the system reach faster to the desired
equilibrium points given that the scaling factors of the error functions are pre-selected
strong enough to ride the system towards the desired trajectories. From the Lyapunov
stability perspective, this type of surface does not ensure negative definite functions
under the analysis of a typical Lyapunov candidate function for an SMC; hence, the
stability should be studied further.

A universal design has been illustrated in the study of Li et al. [30] where the
work proposed a double integral sliding mode controller (DISMC) to control a SEPIC
converter. The proposed design was implemented on FPGA and DSP boards operating
at 500 kHz and 20 kHz respectively. The sliding surface was composed of errors in
the input inductor current, errors in the output voltage, single and double integrals of
the current, and voltage error summation. The controller was operated through a PWM
technique. The algorithm was tested by reducing the load from 40 to 20 ohms.

Designing a robust system with a simple design structure is highly recommended.
To adhere to this requirement, a simple sliding surface composed of the error in the
input inductor current was proposed in the study of Komurcugil et al. [31]. The
reference current was generated by a PI controller which takes its input by measuring
the output voltage. The control signal was generated using a hysteresis controller. The
controller was tested against input variations where the input was varied from 30-60
V while the output was maintained at a fixed level of 48 V. The load was varied from
50-100 ohms and vice versa. The effect of combining the two variations (load and
input voltage) was not shown.

To define the structure of the sliding surface, the study of Jaafar et al. [32] proved
the instability of sliding surfaces composed only of any combination of output error
voltage including the error itself, its integral, and its derivative. The work proved the
requirement of including at least the error in the input inductor current in addition to
the previously defined surfaces. The control signal was derived based on the
equivalent control that is free from the switching function. Nevertheless, neither a
variation in the input voltage nor in the load was discussed.

Based on the addressed literature, there is a gap in investigating the impact of
integrating the fast dynamic and variable power resources where the input voltage
declines such as supercapacitor as an input to the SEPIC converter. Designing a stable
SEPIC converter in buck and boost operation, that can withstand major input voltage
variation as well as output load variation, will allow a resilient and wider range of
integration of hybrid energy sources in different fields such as microgrid-connected
fields and electric vehicles.

The prime challenge in this work is to integrate input power sources that drop
significantly (primarily to mimic supercapacitor behaviour) with SEPIC converter
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because a typical linear controller fails to achieve the desired response and may impact
system stability. Furthermore, the design of a SEPIC controller is a challenging task
both from linear and nonlinear controller perspectives. This is because linear
controllers for SEPIC converter result in a system with low bandwidth while the
nonlinear controllers design method has not been addressed in the literature in a
systematic approach, unlike the linear controllers. In fact, the discussed controllers in
the literature suffered from different disadvantages and limitations as discussed earlier
in this chapter. Further details explaining what makes designing a SEPIC controller a
challenging task will be covered in the next section.

3. Design and modeling of SEPIC converter

3.1. Mathematical modeling of SEPIC converter

In the DC/DC converter family, the standard SEPIC converter (Figure 1) can
both buck and boost the DC input voltage. The basic topology of a SEPIC converter
is composed of two inductors, two capacitors, a switch, and a diode. SEPIC is
classified as a fourth-order converter based on the number of energy storage devices.

L1

Qi c1

Vout

~
N
v
A
N
Il
|
Load

L2

Figure 1. Standard SEPIC circuit.

By controlling the duty cycle (D) of the switch, the SEPIC converter will exhibit
a switching mechanism that will result in stepping up or down the input voltage. The
input-output relationship with respect to the duty cycle D is given in Equation (1):

Vour D
~1-D @)

Vg

where D is the duty cycle of the switch.
Specifically, the output of the SEPIC as a function of the duty cycle is
summarized as follows:

< 0.5 Vout < Vin = Buck mode
IfD == 0.5 then Vout = Vin (2)
> 0.5 Vout = Vin— Boost mode

Deriving the averaged state-space model of the DC-DC power converter is done
in two steps. The first step in deriving the averaged model of the SEPIC is to address
the converter dynamics while the switch is in the “on” and the “off” states. In the
second step, the two sets of differential equations corresponding to the on and off states
are averaged over one switching cycle.

Thus, when the switch is in the on position, the SEPIC converter is given in
Figure 2.
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Figure 2. SEPIC converter when the switch is on.

The system’s differential equations are defined as:
dipy ,
v =1Ly - vg(t) — Tl
di, .
V2 =Ly ar V1 (O) — 72l
dv 3)
ic1 = Ci—= = —ij, (D)
c1 1 (it L2

S Auey  vep(t)
ic2 = (3 it R

When the switch is turned off, the converter model is shown in Figure 3.

L1 + -
(G00) I
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Load
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Figure 3. SEPIC converter when the switch is off.

Analyzing the system, the following differential equations are derived:

dip, ,
v =1, dr Vg(t) —vc1(8) — v () — Tpqipn
dij, ,
Vip = Ly——= = =0 () — 11205
dv1

it
151 174t ir1(0) ©
) L , Vea(E
lcp = CZE =1i;1(t) +ip(t) — CR
Using Equations (3) and (4) in state space representation, the averaged model of

the SEPIC converter can be derived using the relationship defined in Equation (5):
Agpg = Aqu(®) + Az (1 —u(d)), )
Bayg = Byu(t) + B2 (1 — u(®)),

where u(t) is the system input, A; and B; are the system input matrices respectively

when the switch isonand A, and B, are the system and the input matrices respectively

when the switch is off.

The average state-space representation for the SEPIC converter is obtained and
expressed in Equation (6):
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711 1—u 1—u
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| G, C, 0 " RC, |

where x; = iyq, X, = iz, X3 = V¢1, X4 = V¢, and v, =input voltage.

As demonstrated in Equation (6), this model addresses the equivalent series
resistance (ESR) of the inductors while the capacitors’ ESR have been supressed
because the inductor ESR is dominant with respect to capacitor parasitic.

From linear controller perspective, SEPIC model in Equation (6) is still in bilinear
form and cannot be used to design a linear controller. Therefore, this form must be
linearized where the linearized model will define a relationship between the system
controller input and the state variables. Hence, by perturbing the state variables,
considering small signal approximation, and then linearizing the derived terms, the
small signal model in state-space representation is obtained as below.

0 o 1D« 1-Dy
L1 L1
Du 1-D,
0 0 — -
A= b b
- 1 _ Du Du 0 0 4
Cl Cl
1-D, 1-D, 0 1
CZ CZ RCZ i
(7
‘Ulss + 'Uzss 7]
Ly
Vi, T V2 X1
LZ xZ
B = _ilss - i2$s ’C B [000 1]’D B le B x3
C, Ya
—ly — g
C;
;o _Di Vg _ Dulg - — Du
Whel'e llSS — (1_Du_)2 R’ I'ZSS - 1_Du R’ vlss - vg and UZSS - 1_Du vg

The derived linear state-space model is effective in designing linear controllers
that require the knowledge of each state dynamic such as state feedback and its
optimized version LQR. Other standard linear controllers (such as PID family and
lead/lag compensators) require only a transfer function that describes a relationship
between the control variable and the output voltage if the goal is to regulate the output
voltage. In literature, extensive work has been fulfilled to define this transfer function
in the study of Basso [33] and this model is given in Equation (8).

Within the scope of this work, the discussed three models of SEPIC converter
will be used to design the proposed ISMC, Integral LQR, and Type-1I compensator
while the system response will be simulated on the switched bilinear model using
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MATLAB/Simulink package. Furthermore, the designed controllers will be verified
with experimental bench work using a SEPIC converter.
Vout (—Ays + 1)(Ays2 — A3s + 1)

=K (8)
) = K o T Ass T D (Ags? + As + 1)
) 1 , . Ly D\?
where: K; = Wand D' =1 —D,and D is the duty cycle. A; = (E) (E) VA, =
! 2
C1 . Li+L, D' _ 1 1 _ 1 1

Lop A3 = (ClR Ly )((D) ) M= As =5 g A =0z A =00

1 R
Q=

Wo1 =
\/<<L1<(C2§—,22)+(C1)>>+(L2(C1+C2)))

Wo2(Ly +Lz)(%) (x—Z;)ZI

3.2. Design of SEPIC converter

In this work, the foundation of the analysis is based on a proper design for SEPIC
converter. Typically, the circuit parameters of SEPIC converter play a key role in the
designed controller bandwidth as well as its robustness. This is evident through
analyzing the Bode plot of Gyq transfer function (i.e., the output voltage to duty cycle
transfer function). Typical bode plots of Gyq show that SEPIC has double resonance
peaks due to the existence of three right half-plane zeros. Additionally, the second
resonance is much higher than the first which impacts the system bandwidth at closed
loop. Therefore, it is essential to ensure that the SEPIC is well designed to eliminate
the case where the designed compensator cannot offer much due to poorly designed
plant. In this work, the SEPIC converter has been designed using industrial best
practices and systematic methodology. The SEPIC converter has been designed
following AN-1484 and TPS-61175 design guides from Texas Instruments (TI). The
final design of the converter was tuned to accommodate and withstand the severe tests
as will be explained in later sections. The final design of the designed SEPIC converter
is shown in Table 1.

Table 1. Designed SEPIC circuit parameters.

Inductor Capacitor  Capacitor Load Input Output Switching
L1, L2 C1 C2 voltage  voltage/power frequency
0.25 mH 2.78 uF 23.15uF 46.08Q 24V 48 VIS0 W 50 kHz

4. Linear and nonlinear controller overview and design for SEPIC
converter

4.1. Linear controller

Linear compensators in power converters are designed based on negative
feedback systems. The definition of negative feedback system dictates that
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relationship between the output and the input must be maintained despite the change
in the amplitude as well as in the rate of change in the control variable even in the
presence of perturbations in the system. Negative feedback is achieved by introducing
a new block to the system that takes the error between the output and the set point as
its input. This block is referred as compensators (other references refer to it as
controllers) because it compensates for the system imperfections through tailoring the
response of the system [9]. Linear compensators can be presented in different
structures such as PID, lead/lag compensators, state feedback, Type-I, -Il, -1l
compensator, etc. In this work, a Type-1l compensator and integral LQR controller
were studied. Type-Il compensator is standard in the power converter field, and it
forms the benchmark for comparative analysis while an integral LQR controller forms
the optimized version of the linear controllers. In the next subsections, Type-II
compensator will be discussed. After that, the following subsections will address the
integral LQR system.

Type-1l compensator:

Type-I1 compensator transfer function is comprised by two poles and one zero. It
is designed by placing one pole at the origin while the remaining zero-pole pair are
placed at a desired/designed location. The placement of the zero-pole pair creates a
region of zero gain slope and a corresponding boost in the phase, as shown in Figure
4.

Gain (dB) Phase (Degree)

0
-90

-180

-270

Phase

Figure 4. Plot of Type-II transfer function.

This compensator boosts the phase shift from —270° towards —180° during the
zero-slope region. Hence, it is evident from Figure 4 that the maximum boost in the
phase is 90 degrees while the region of this boost is dependent on the zero-slope
region. That is, the location of the zero-pole dictates the region where the phase boost
will occur. Typically, a Type-Il1 compensator is designed where the loop gain cross-
over frequency is occurring at the center of the zero-slope region. Hence, Type-I1I
compensator is given as shown in Equation (9):

K, 1+
G.(s) = ?(1+—sz)

Wp
where K. is a DC gain. It should be noted that the zero should be placed before the
poles (i.e., w, < w,) which implies that the zero is earlier than the pole hence it
satisfies the boost in the phase requirements.

In the literature, there are different approaches to design Type-i compensators

(9)

10
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(where i =1, Il, or H1). In this work, K-factor method will be used as it is a popular
approach in the industry as well as it is a systematic procedure. As per the analysis of
the K-factor method, the Type-11 compensator is the most suitable compensator for the
designed SEPIC model in this work.

As per K-factor method, the first step is to select the desired system cross over
frequency (w.) where the transfer function defined in Equation (8) is used to fulfill
this task. In the industry, the desired bandwidth is selected to be oone-tenththe

switching frequency (% fsw) as per best practices. However, in the existence of RHPZ,

this criterion is not a trivial goal to achieve. Equivalently, as per best practices, once
the previous criterion is not achieved, the bandwidth is limited to one-tenth of the
lowest RHPZ frequencies such that the design will offer enough margin to suppress
the effect of the RHPZ in a closed loop. By investigating the system frequency
response as shown in Figure 5, the desired system cross-over frequency is located at
445,15 Hz.

Bode Diagram

100

Open Loop

S0 N\

Magnitude (dB)

-50
0 = ==y

540

360

Phase (deg)

180

0
3

10° 10° o

10! 10° 10
Frequency (Hz)

Figure 5. Frequency response of open loop SEPIC converter.

By considering the desired phase margin to be 60 < the required boost in the phase
becomes 21< Therefore, referencing Table 2, the needed compensator to use is a
Type-11 compensator.

Table 2. Compensator type selection guide.

Pboost = Phase Margingesireq — Psys — 90°

Required @po0st Compensator type
Zero degree (0°) Type-1

Less than 90° (Required @peost < 90°) Type-1l

Greater than 90° (Required @po0s: = 90°) Type-I1ll

After deciding the compensator type, the next step is to start designing the
controller parameters. Recalling that Type-11 compensator is given by:

11
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A+
Go(s) = £

ST wip) (10)

The first step will be to calculate w, and w,, where they are given as:
W2 =g (11)
w, = Kow,
and K is defined for Type-Il compensator to be:

K = tan (@ + 459 (12)

While determining the type of the compensator the required phase boost is 21<
Hence, the K-factor term will be given as 0.6857. Consequently, the compensator
zeros and poles are given as:

w, = 4.0789 x 103 Hz
w, = 1.9179 x 103 Hz (13)

Consequently, Type-Il compensator for the SEPIC converter demonstrated in

Table 1 is derived to be:
5997s + 7.823 x 10°

G()eomp = 307952 4 7.823 x 10%5
The open loop, loop gain, and the closed loop Bode plots are shown in Figure 6.

(14)

Bode Diagram
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=
2
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z
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E \
v 360 -
;]
=
=
B8t \
0= ‘ : : :

10’ 10! 10’ 10’ 10* 10° 10°
Frequency (Hz)

Figure 6. Bode plots of open loop, loop gain, and closed loop.

Integral LQR controller:

Linear quadrature regulator (LQR) is an optimal linear controller that is based on
structural approach to calculate and define the state feedback gains of the system
controller. Optimal controller generally, and LQR controller specifically, are based on
minimizing a performance index (typically referred to as a cost function) such as the

12
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integral of square error denoted by J, as given in Equation (15):
] = f(xTQx + uTRu)dr (15)
0

where: X is the state variable vector, u is the control input vector, Q is positive semi-
definite or definite Hermitian matrix. Q is n > n where n is number of states, R is
positive definite Hermitian matrix, and R is r ><r where r is number of the inputs.

The performance index proposed in Equation (15) is minimized by solving the
Riccati equation as defined in Equation (16):

ATP+PA—PBR'BTP+Q =0 (16)
where: A is the system matrix, B is the input matrix, Q and R as defined in Equation
(15), and P is a positive definite matrix of size (n X n).

As it can be observed from the Riccati equation, solving the system will result in
matrix P since the other variables are either known or assumed without loss of
generality. Satisfying the Riccati equation will minimize the cost function, and for the
regulator controller case it can be proven that the state feedback gain will be given as:

Kgain = R_IBTP (17)
where: K4, is the state feedback vector.

In some designs, especially in high-order systems, state feedback controller is not
sufficient to perform the tracking task and it is not capable to reject external
disturbances, overcome model uncertainties, and maintain zero steady-state error.
Introducing an integrator usually overcomes these challenges. Integral LQR controller
is based on introducing an additional pole at the origin beside solving the optimal
performance equation. By introducing an integrator to the system, the plant block
diagram is