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Abstract—Switching power converters are integral in
various applications like transportation and renewable energy.
After their design, ensuring stable closed-loop poles is critical to
maintain safe operating conditions. This study focuses on a
switching DC-DC boost converter with a cascade control
approach using an energy controller for the outer loop and
indirect-sliding mode control for the inner loop. The research
objective involves investigating stability through eigenvalue
evaluation at different operating points. A large-signal average
model is applied to make controlled performance independent
of the operating point by fixing system poles. Nonlinear
controllers, specifically indirect-sliding mode control, are
chosen for their robustness, constant switching frequency, and
implementation ease. Results indicate that insufficient
decoupling leads to eigenvalue displacement, impacting control
parameter choices. The research contribution is investigating
the local stability of cascaded control, considering its
advantageous implications for both performance and design.
This study contributes to the understanding of switching power
converters' stability, emphasizing the proposed methodology's
broader applicability to diverse converter structures. The
proposed approach, applicable to various switching power
converters, sheds light on the importance of proper decoupling
between outer and inner loop dynamics.

Keywords—Cascaded Control;
Energy; Stability; DC-DC Converters.

Indirect-Sliding  Control;

I. INTRODUCTION

In recent years, photovoltaic (PV) systems have played an
essential role in the world, as detailed in literature. The
number of publications has risen recently. To use the PV,
characteristics of a photovoltaic cell must be studied. In [1],
a portable photovoltaic I-V curve tracer has been proposed to
study the characteristics of PV, such as performance, and
identify faults or aging effects.

A. Structure of Converters

A step-up converter commonly uses a low voltage PV
supplying energy to load. Different topologies have been
proposed to improve both efficiency and higher-voltage step
ratio. In [2], a high-step voltage ratio with multi-port
cascaded DC/DC converter is proposed to serve in
photovoltaic power generation systems. It presented a
submodule with an isolated transformer. Using several
submodules connected to PV and feeding power to a high-
voltage DC bus, the output of each submodule is connected

in series. In that way, the output voltage is high. In [3], a
hybrid resonant ZVZCS three-level converter suitable for a
photovoltaic power DC distribution system is proposed. It
benefits from zero switching. Therefore, its efficiency is high.
It uses a dual transformer with two output filter capacitors is
proposed in this paper, which is suitable for application in
distributed photovoltaic power generation at medium voltage
integrated with a DC distribution network. In [4], a partial
power DC-DC converter for photovoltaic systems is
investigated. In contrast to other DC-DC converters, only a
tiny part of the power is processed by the converter, while the
significant power flows through the converter with unity
efficiency. Therefore, it offers superior overall efficiency. In
[5], an ultra-gain DC-DC converter is presented. It uses only
one switch.

It is based on a switched capacitor—inductor network.
However, the maximum efficiency is met when the duty cycle
is around 0.5. Another type of high-step voltage ratio is
presented in [6]. An isolated DC-DC converter is employed
for a single-phase grid-tied solar photovoltaic supply system.
Many high-gain step-up DC/DC converters proposed in the
literature do not share common ground and have a pulsating
or discontinuous input current, making the converter
unsuitable for solar photovoltaic applications. Therefore, in
[7], a non-pulsating input current step-up dc/dc converter
with common ground structure for photovoltaic applications.

The unidirectional structure of the converter is beneficial
in terms of cost and simplicity of hardware implementation
of'the MV circuit components, as presented in [8]. The design
of the phase-shifted full bridge DC-DC (PSFB) converter is
presented considering ratings of 250 kW power, 1.2 kV input,
and 20 kV output. A new DC-DC converter for photovoltaic
applications is proposed in [9]. Using two switches, with
three windings of coupled inductor. It offers a high step-up
voltage ratio, which is mainly dependent on the number of
turn ratio. The proposed converters in [10] offer a simple
structure with a smooth input current, a high-voltage gain,
and low-voltage stress on semiconductor devices. In addition,
unlike some existing ZS-based topologies in the literature, the
proposed converters do not limit the power switch’s duty
cycle. These characteristics make the proposed converters
excellent candidates to interface a low-voltage solar
photovoltaic (PV) panel with a high-voltage DC bus in PV
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applications. In [11], an autotransformer forward converter
with type-Zeta resonant reset (AFZ) is proposed. The main
characteristics of the AFZ converter are its high versatility
due to its voltage step-up and step-down capability. Using an
optimized autotransformer with only two windings reduces
this component’s complexity and power losses, the good
dynamic performances, like the forward converter ones, and
the low number of components, and the simplicity and high
feasibility associated with using just one active switch.
Besides, the autotransformer type-Zeta resonant reset
achieves soft switching transitions. In [12], an interleaved
high-voltage gain DC-DC converter is proposed for use with
photovoltaic (PV) systems. The voltage gain is further
extended by integrating two three-winding coupled inductors
(CIs) with switched capacitor cells. The energy stored in the
leakage inductances is absorbed through passive diode-
capacitor clamp circuits. The voltage stress of the power
switches is clamped to a value far lower than the output
voltage, which enables designers to select switches with low-
voltage ratings. Due to the interleaved structure of the
proposed converter, the input current has a small ripple,
leading to the PV panels’ increased lifespan. A switched-
photovoltaic (SPV) DC-DC converter that switches the
photovoltaic (PV) cells of a series solar string periodically in
parallel to balance their voltages and extract the maximum
available power under mismatch conditions is proposed in
[13]. Without any assistance from an external DC-DC
converter, the SPV converter exploits the intrinsic
capacitance of the PV cells to establish an implicit 1: n
switched-capacitor (SC) converter that allows the extra
current of the stronger cells in the string to flow around the
underperforming cells to the output, instead of getting
shunted to the ground. In [14], a multi-port modular DC-DC
converter with a low-loss series LC power balancing unit
(PBU) is proposed to deal with voltage imbalance due to
mismatched input power. Each submodule consists of a full-
bridge (FB) circuit on the PV side and a half-bridge (HB)
circuit on the grid side. It contributes to the low-cost and low-
loss characteristics of the converter. In [15], a current-fed
dual-inductor resonant full-bridge DC-DC isolated boost
converter is proposed. The converter is most suitable for
applications with wide input voltage and load ranges. It
removes all major drawbacks of conventional current-fed
isolated DC-DC converters, such as high-voltage spikes
across the switches due to transformer leakage inductance.
Soft-switching rectifier diodes and clamping power switches
are load-independent, leading to good efficiency over the
entire load range. In [16], a novel non-isolated buck—boost
dc—dc converter is introduced with a wide range of
conversion ratios. Unlike the traditional one, the proposed
buck—boost converter draws continuous current from its input
port. Moreover, the proposed converter has a high step-up
voltage gain. In [17], the authors have proposed the use of a
switched converter based on the reduced redundant power
processing (R2P2) concept to satisfy high current levels and
low voltages in a photovoltaic system, where the input
provided by the photovoltaic panels is maintained
continuously.

Other types of DC-DC converters interface PV to other
storage devices by extending the connectivity of ports. It
forms the converters with multiple input-output ports.

Depending on applications, some applications may need
bidirectional power flow capability, as shown in [18]-[27]. In
[18], they proposed a triple port DC-DC buck-boost converter
for high step-up/step-down applications. It has two
unidirectional ports and one bi-directional port for harnessing
photovoltaic energy and charging the battery. The combined
structure of buck and buck-boost converter is used with a
particular arrangement of switches and inductors. The step-
up/step-down voltage conversion ratio is higher than the
conventional buck-boost converter, and the polarity of the
output voltage is maintained positive. The battery is added at
the bi-directional port to store energy through the bi-
directional boost converter. In [19], an integrated, four-port,
DC-DC converter for power management of a hybrid wind
and solar energy system is proposed. Compared with existing
four-port DC-DC converters, the proposed converter has the
advantage of using a simple topology to interface sources of
different voltage/current characteristics. Moreover, the
output port is isolated using a transformer. In [20], a multi-
port dc—ac converter (MPC) with differential power
processing de—dc converter (DPPC) is proposed the two ports
system for battery ESS integrated PV systems. In [21], a
bidirectional four-port DC-DC converter with isolation on
one port is proposed. A four-port converter for PV and battery
is proposed in [22] for applications where isolating ports are
not required.

An integrated topology of an isolated three-port DC-DC
converter (TPC) to interface Photovoltaic (PV) and battery
for a stand-alone system is proposed in [23]. A boost-type
three-port resonant forward converter with flexible power
flow path optimization for PV systems is proposed in [24].

Nonisolated multi-port converters based on the
integration of a PWM converter and phase-shift-switched
capacitor converter are proposed in [25]. In [26], the authors
propose novel nonisolated multi-port converters (MPCs)
integrating a bidirectional pulse-width modulation (PWM)
converter and a phase-shift-switched capacitor converter (PS-
SCC) for stand-alone PV systems. In [26], a novel four-port
nonisolated DC-DC converter for interfacing solar pv—fuel
cell hybrid sources with low-voltage bipolar DC microgrids
is proposed.

Distributing energy to the grid is important. A thorough
study of DC-DC conversion systems for a medium-voltage
DC grid-connected PV system is conducted in [27]. The two
existing conversion system configurations and a proposed
solution are compared regarding input/output performance,
conversion efficiency, modulation method, control
complexity, power density, reliability, and hardware cost. An
in-depth analysis selects the most suitable conversion
systems in various application scenarios.

Due to the unpredictable and fluctuating nature of solar
photovoltaic (PV), energy storage systems (ESS), such as
batteries, are always integrated with PV systems to smooth
the power supply. In [28], a multi-port DC-AC converter
(MPC) with differential power processing DC-DC converter
(DPPC) is proposed for battery ESS integrated PV systems.
In [29], a cascaded DC-DC converter is used to connect a
medium-voltage PV system to an AC grid. Also, in [30], a
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DC-DC converter connected to PV feeding an AC grid is
proposed, specifically considering total harmonic distortion.

A controller to regulate inductor current and capacitor
voltage should be used to use a DC-DC converter, which
usually faces uncertainties such as load change or variation
on input voltage. There are several control methods in
literature proposed to control such a system. In [31],
parametric independent control of the DC-DC boost
converter using a two-degree-of-freedom internal model
control scheme has been proposed. This control is based on
linear control theory. Most of the works reported in the
literature for control and stability analysis of these
configurations are based on small-signal AC models. This
could be a significant limitation, as this kind of linearization
produces a good approximation of the nonlinear model of
series-connected dc/dc converters only at the operating point.
However, PV systems must be controlled for large operating
points with satisfactory performance and robustness. The
control scheme can handle the set point and the load-
disturbance response separately. In contrast, in [32], the
authors proposed to use a nonlinear control dealing with
internal stability for a series of boost converters in a PV
system. In [33], the authors present an Internet of Things
(IoT) solution for controlling and monitoring a low-power
photovoltaic system (250 W). Power conditioning is
performed by a DC-DC Flyback converter with active
clamping. An ESP32 microcontroller is used to implement an
output voltage control loop and to communicate, online and
in real-time, with an internet server. In [34], two storage
devices are used in a system with a PV connecting to a load.
An improved virtual capacitor (IVC) parallel coordination
control strategy is proposed based on a multi-port isolated
DC-DC converter. The MPIC is used to replace the traditional
Buck/Boost circuit to achieve electrical isolation from the
micro sources of the energy storage system. The authors
present a methodology to control the internal energy balance
of a modular multilevel cascade converter (MMCC) with
distributed energy resources [35]. The converter is
characterized by a high-voltage multi-terminal DC link
connected to a three-phase MMCC with distributed
photovoltaic arrays, including wind turbines.

B. Significant of Maximum Power Point Tracking

A maximum power point tracking (MPPT) algorithm
must be performed to use PV and ensure that the maximum
power is acquired. Several articles are dedicated to this topic.
In [36], the authors proposed 1-new high step-up DC/DC
converter 2-model predictive control based maximum power
point tracking (MPC-MPPT) algorithm with an optimum
number of sensors. In [37], a global maximum power point
tracking (GMPPT) is presented. It is a review article
demonstrating that DC-DC converters with a wide input
voltage range can enable GMPPT to gain higher efficiency
than others. As partial shading is one of the most common
problems for PV, a deterministic particle swarm optimization
to improve the maximum power point tracking (MPPT)
capability for photovoltaic systems is presented in [38]. Also,
in [39], a fuzzy logic control-based maximum power point
tracking technique in a stand-alone photovoltaic system is
presented using simulation. It is further implemented and
experimented in [40]. The MPPT can also be used at a trim

power level in an on-chip PV [41]. MPPT is still a very active
domain; in [42], an improved P & O MPPT was improved
and called IP & O. The efficiency of the proposed converter
was estimated to be over 95% at various power levels. In a
classic MPPT, several sensors should be used. It is costly. In
[43], a current sensorless delay-based controller is proposed
for the closed-loop stabilization of a photovoltaic system
under an MPPT scheme using a boost dc/dc converter. It used
only two voltage sensors. To further improve the
performance of the conventional perturb and observe (P&O)
maximum power point tracking (MPPT) algorithm where the
oscillation around the maximum power point (MPP) is the
main disadvantage of this technique, the article [44]
introduces a modified P&O algorithm to conquer this
handicap. The new algorithm recognizes approaching the
peak of the photovoltaic (PV) array power curve and prevents
the oscillation around the MPP. In [45], the novel algorithm
for optimal sizing of stand-alone photovoltaic pumping
systems is presented. It presented a way to choose the right
size of PV systems.

The performance of PV modules is investigated in
different aspects: partial shading [46]-[50], degradation [51]-
[52].

Apart from the studies of MPPT with the proposed
converter mentioned before, the MPPT algorithms are
proposed in [53]- [54]. The new maximum power point
tracking approach using a genetic algorithm is presented in
[53] and uses a particle swarm optimization (MPSO) [54].

The connection of PV is also essential. Series and parallel
connections depend on the design of such applications [55].
Using a bypass diode is very important to protect the PV
panel and reduce the shading effect to improve the overall
efficiency [56].

C. Significant of Controllers

Using MPPT, two interesting approaches are controlling
the PV current, and energy stored in a parallel capacitor PV.
To do that, the MPPT provides a reference signal to the
controller to ensure that the control objective is achieved in a
finite time. The sliding mode controller, which is a nonlinear
controller, is investigated for a quadratic boost converter [57].
It is also applied to a classic boost converter [58] and a
complicated Z-source inverter [59]. With the evidence in
[57]-[58], it is recommended to use the sliding mode
controller for MPPT.

These circumstances can cause panels' electricity
production mismatches, notably in urban contexts. For the
series PV modules, in mismatching cases, the bypass diode
can be activated for the lower insolated modules where there
is a voltage difference for other modules. Therefore, the PV
characteristic has at least two peaks for several series strings.
The maximum power point tracking (MPPT) algorithm has
difficulty finding the absolute maximum point from the local
maximum. As a result, in this situation where the operating
point for photovoltaic systems changes, it is vital to choose a
suitable controller.

When the current controller is independent of the
equilibrium point, the dynamic performance of the controlled
system remains the same even if its operating point changes.
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For example, in a PV system, when the temperature change
or partial shading occurs, the operating point of the system
changes, but the dynamic performance of the controlled
system remains the same. This can easily design the window
of MPPT compared to the controller, which depends on the
operating point.

A nonlinear controller such as sliding-mode control has
been used for its high dynamic performance and outstanding
robustness concerning external disturbances, uncertainties, or
parameter variations. Within various categories of nonlinear
controllers, sliding-mode control employing an indirect
approach presents the primary benefit of maintaining a
constant switching frequency. The control parameters align
precisely with the selected pole locations, simplifying the
task for the designer in setting and adjusting these control
parameters.

Using MPPT, an interesting approach is controlling the
PV current of PV. To do that, the MPPT provides a reference
signal to the controller to ensure that the control objective is
achieved in a finite time. The sliding mode controller is
investigated for a quadratic boost converter [57]. It is also
applied to a classic boost converter [58] and a complicated Z-
source inverter [59]. With the evidence in [57]-[58], it is
recommended to use the sliding mode controller for MPPT.

This paper uses two controllers, the control of inductor
current and energy stored in a capacitor with dynamical
properties autonomous of the operating conditions. An
indirect sliding mode controller is utilized instead of a
conventional one.

The term depending on the sign of the system trajectory,
can be used to converge on the surface when the trajectory is
far from the surface [58]. Furthermore, in this work, the term
for the error is omitted, which prevents the chattering
problem. In fact, in the indirect synthesis, the state of the
system is increased by the integral component. This integral
term allows for ensuring zero static error. Therefore, these
advantages can be summarized as follows:

— fixed switching frequency,
— no steady-state error,
— no chattering effect.

In some complicated structures of converters, energy
control is suggested instead of voltage control. In this paper,
the outer loop of the control system is responsible for
regulating the energy stored in the output capacitor. It has
been specifically chosen due to its superior dynamic behavior
compared to the voltage controller, mainly when constant
power loads are employed [59].

In the literature, several articles propose the control in a
cascaded manner by using a rule of thumps that the poles of
the controlled loop must be separated at least 10 times [58]-
[59]. Typically, designers resort to employing a Bode
diagram to configure control parameters, assuming effective
decoupling of the inner and outer loops and treating the inner
loop as a gain. However, it is rare to study the actual poles
that have been placed using such a rule. Therefore, in this

paper, we proposed to fill the gap by investigating the
locations of actual poles concerning the placing poles.

The research contribution lies in examining the local
stability of cascaded control utilizing indirect-sliding mode
and energy concepts, owing to their advantageous
implications for performance and design. This investigation
is distinct in establishing closed-loop poles independently of
operating points by employing nonlinear controllers based on
a large-signal averaged model, eliminating the need for
small-signal linearization. The study also delves into the
comprehensive separation dynamics of both the inner and
outer loops.

The organization of this paper is as follows. Section 2
presents the method for this study, including the power stage,
controllers, and modeling for obtaining the eigenvalues.
Section 3 presents the results and discussion. Finally, the
conclusions are drawn in Section 4.

1L METHOD
In this section, the studied system, including the boost
converter with its controllers, is presented. In the first step, in
Section 2.1, the power stage will be given. In the second step,
in Section 2.2, the two controllers will be presented. Finally,
the model of the studied system will be given in Section 2B

A. Power Stage

The DC-DC boost converter (Fig. 1) [60]. The passive
elements are inductor with series resistance (L,7;), and
capacitor (C). The system fed by the input voltage source
(V;) such as PV system. The load current is i,,; = %C where

R is load resistance. The switch K, diode D, and capacitor C
are assumed to be ideal. The converter is operated by
controlling the switch K to be on or off with a constant

switching frequency F; relating to a switching period T = Fi
S

The switching command u linked to d where d represents
the duty cycle defined as the ratio of the duration of the turn-
on (T,,) to the switching frequency (T):

d=T,,/T (D

The converter is functioning in continuous conduction
mode (CCM), which means that the inductor current is
always higher than zero.

The state equation of the DC-DC boost converter can be
put into the form:
di; 1 .
d—tL :Z(Vi -1y ip— (1 -dve)
)
dv, 1 . ,
d_tc = C ((1 - d)lL - lout)
where x = [i, v]" is the state vector comprising inductive
currents and output capacitor voltage.

B. Controllers

In this part, two controllers are presented for the boost
converter. The block diagram of the cascaded control scheme
is given in Fig. 1, which will be detailed in this section.

The controllers are designed to maintain predetermined
values for the inductor current and output capacitor voltage,
defining a safety operation zone crucial for overall system
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protection. Prioritizing the slow dynamics of the output
capacitor voltage, the cascaded control scheme is initiated.
Subsequently, the controller identifies errors stemming from
both transient and steady-state conditions, generating an
appropriate current reference. This reference is then utilized
to regulate the current drawn from the source through the
inductor. The slower outer control loop focuses on the output
voltage, while the faster inner control loop addresses the
inductor current.

The control of the studied system is implemented using
nonlinear controllers. The converter command is founded on
inner and outer loops, as presented in Fig. 2.

The energy y in the output capacitor C is controlled by the
outer loop control. This energy controller is selected since the
dynamic behavior is better than the voltage controller, as
mentioned earlier. The current reference is generated by the
energy controller. The inductive current is controlled by the
inner loop. The command of the switch u is generated with a
symmetric pulse-width modulator (PWM), as shown in Fig.
3. In the following, the details of the controllers will be
presented.

ir rL L in D
—— AN  N i _
Fv— ik +lg|_ ic o) T+
+ C
u
£ ) K ve R3SV
P; - p
Power = e
stage
A u out Ve
\J
PWM
d
Ly i
Inner loop ¥ by Outer loop - v
controller - controller + cref
Controller

Fig. 1. lllustration of the studied system with cascaded control

| Inner control loop (current)

|
|
Input +

N d Boost i
L|
Voref =T —>

Inner
controller converter

(current)

Outer
controller
(Energy)

Sensor
current

Voltage
sensor

Fig. 2. Cascaded control structure consists of inner-current loop and outer
energy loop

1) Outer Control Loop

To control the output voltage, the energy stored in the
capacitor is considered instead of the output voltage. Because
its dynamics depends directly on the associated powers,
which are easy to deal with. The energy stored in the output
capacitor is given by:

y=3Cvt 3)

where v, is the output capacitor voltage.

i rp L ip ID\I
T Tic it
C
Ve R Vo
— B
Power S
stage
4 u Tout ve
PWM
d
y =_CVCZ
Ve
A y
Indirect- iy . P, | Energy —Q
+ I,
sliding- el | X Eq.
mode — . Vref
controller Vi I_—_I Second order
C Filter ;,, w,,
yr':’/*
Energy }Cv 2 Verer
B 7 b Veref
ot controller
Controller

Fig. 3. Control block diagram linked to the converter

The energy reference is yy.r = 0.5 C chref where Veyer
is the output voltage reference. To limit the capacitor current
in startup regime, the second-order filter, with a unity
damping factor and cutoff frequency w,, is used to make the
energy reference change smoothly from the initial condition
to the value of y,..¢.

The energy controller is defined by the following equation
[60], [61]:

%_ d};r:f+pr(y_yref) +Kiy [(¥ = Vrep)dt =0 4)

dy . o
where d—}t’ is the derivative of y. The system response

conforms to a second-order structure [62]-[63] expressed as:
s+ 2{w,s + w2 =0 ®)

The coefficients can be selectively determined to
guarantee the stability of the system [64]. Therefore, the
coefficients of the controller can be defined as:

pr = 2{w, (6)
Kiy = wnz (7

where { is the damping factor, and w,, is the cutoff angular
frequency corresponding to the control bandwidth of the
controlled system [65]-[66]. Thanks to the energy controller,
the current reference i..; can be obtained. It can be done
using the input-output power balance relation [67]-[68]:

dy _ dy , .2 .
2w Pi—Po—o =Vl — 1 — Vcloy ®)

. v
where i, = ?C

Using (4), the second-order equation in (8) can be solved.
Since the output voltage reference is constant in steady state,

. d . .
therefore, in (4) Zref = 0. The current reference lref 18

dt
obtained as (9).
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- 2Pmax p
tref = PVi [1 R, 1-g ] ©)

where P, = v ioue — Kpy (¥ — Vres)
Viz
and gy £ £ [69)-[70]

- Kiy f(y - yref)dta

The current reference ir..s is the input of the inner current
loop. This loop will be detailed in the following subsection.

2) Inner Control Loop

The inner loop is based on an indirect-sliding mode
controller. This controller uses the following sliding surface
S [71]-[73]:

S=iy— i+ K; [(if — ipes)dt (10)

The equation (11) is executed on the derivative of S [62]:

das
== (11)

Since the current reference i,..f is not constant. Therefore, its
derivative is not zero. In the following, the calculation of this
term is presented. The current reference in (9) is in the
function of the output capacitor voltage v, and integral term
of the energy inty =/ (y - yref)dt. Therefore, the

derivative of the current reference can be calculated using
(12).

dires _ diresdvc | dires dinty (12)
dt dve dt dinty dt
dvg . . dinty
where - s already defined in (2) and o =Y " Yrer

Using the differential equation of the inductor current in
(2) and (10)-(11), and (12), the duty cycle d is calculated as

(13).
d= f(iL:vL‘rf(iL - iref)dt' f(y - Yref)dt) (13)

C. Modeling

In the first step, the model will be given in Section 1). In
the second step, in Subsection 2), the operating point
calculation will be presented. To calculate the eigenvalues,
the operating point (equilibrium point) of all variables is
necessary [74]-[75].

1) Model

Using the equations to describe the behavior of the
studied converter and the controllers presented in the
previous section, a vector X € R* can be defined as follows:

X, L
sk

(XI=1x,|= f(iL—iref)dtj (14)
X4 f(y - yref)dt

where the symbol Z represents the average value of the
variable z calculated over one switching period [76].

As presented in (14), this average model considers system
state variables (X; and X), and the controller variables
(integral components X3 and X4). Using the system equations
and duty cycle, the state vector X verifies the equation X
given in (15) and (16).

ISSN: 2715-5072 165
X=HX) (15)
—TLX1+Vi—(1—d)X2
L
Xl(l_d)_iout
[X] = ¢ (16)
Xl — Llref

1 1
2 CX% ) CV%‘ref

The stability of the small-signal model around the operating
point can be studied using the eigenvalues of matrix H(Xo)
[77]-[78].

2) Equilibrium Point

The equilibrium point holds significance in this context,
particularly in determining the eigenvalues of the system for
assessing local stability [79]-[80]. Defining the equilibrium
point corresponding to each case is imperative, as the
calculation of eigenvalues is contingent upon these specific
equilibrium conditions.

a) Energy Stored in the Capacitor

The equilibrium capacitor energy y, can be defined as:
Yo =3 Cv% (17)

where Vg = Vgrey is the equilibrium capacitor voltage.
b) Inductor current

The equilibrium inductor current i;, can be found as
follows. The equilibrium current is set by the current
reference ¢ using (7). Thus:

. , 2P max P
iro = rey = 20222 [1— [1-57 | (18)

— . 1 2

Where Pp - UCO lout - pr EC(UgO —_ vCref) —
1 2 2 R V2
Kiy EC f(vco - UCref)dt, and B, = 4_;L

c) Integral Terms

The integral terms [(iy —ijer)dt and [(y—

Vre f)dt nearby the equilibrium points are zero.

In summary, the research methodology, as illustrated in
Fig. 4, encompasses a series of ordered steps. The system
under investigation comprises a converter and its associated
control section. Derivation of the governing differential
equations for the boost converter involves the application of
Kirchhoff's voltage and current laws. These laws are
formulated for two states, determined by the open or closed
status of the switch, contingent upon the converter's circuit
configuration. The control signal, influenced by the control
section, dictates the switch state and the duty cycle is
computed accordingly.

The proposed cascade controller comprises an outer loop
responsible for capacitor energy control, effectively
regulating the output voltage. Simultaneously, the inner loop
manages current control, governing the input current. The
energy control loop exhibits slower dynamics compared to
the power control loop, a crucial consideration in determining
the bandwidth of each loop for design purposes. The
mathematical equations for each loop and the control block
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diagram are introduced. At the control section's input, the
outer loop receives the reference output voltage, generating
the reference input power. This input is divided by the input
voltage and then directed to the inner loop, with its output
being the duty cycle. Utilizing pulse-width modulation
(PWM), the duty cycle (d) is transformed into a control signal
(u), and subsequently applied to the converter. The system's
mathematical equations facilitate simulation, allowing for
waveform analysis. The ensuing section will present the
results derived from the simulation.

< Hypothesis
« Define symbols

* Define state variables
« Describe governing equations of the boost converter

* Define general structure of control
* Define symbols

« Define power controller equations

Inner loop « Obtain duty cycle

« Define energy control equations
\Clio8 .« Obtain input power reference
loop

« Design control parameters

Design

€CCK

Fig. 4. Research methodology flowchart

IIL. RESULTS AND DISCUSSION

In this section, the results are given to validate the
proposed model. The MATLAB/Simulink software is used.
The used parameters are given in Table I. In Section A), the
eigenvalues of the system are investigated. The two scenarios
(Case 1 and Case 2) detailed in Table II are realized. The
theoretical eigenvalues are also given in Table II. They are
linked to control parameters. In both cases, for the inner
controller, the parameters 1 = K; is set. As mentioned above,
to separate the two control loop dynamics, the eigenvalues'
location of both loops must be far from each other. In Section
B), the behavior of the system is presented through electrical
waveforms.

TABLE I. SYSTEM PARAMETERS

Parameters Quantity Value
V; Input voltage 60 V

L Inductance 1 mH
15 Inductor resistance 03Q

C Output capacitance 1100 uF
Fg Switching frequency 10 kHz
R Load resistance 37.5Q
Veres Voltage reference 150 vV

A Current control parameter 3141 rad/s
K; Current control parameter 3141 rad/s
Wy Energy control parameter See Table 2
¢ Energy control parameter 0.707
Wy Second-order filter parameter 200 rad/s
& Second-order filter parameter 1

TABLE II. TWO SCENARIOS

Nature of Theoretical
Case | Loop Eigenvalues Remark reoretic
Real | Complex eigenvalues
Inner * A=K; 2
Wy
1 w, = = _fwn
Outer * n .
rad/s tTjwp1—-¢§2
Inner * A=K; =1
Wy
A P
2 Outer * " 100 L fon 2
rad/s Tjwny1—-¢

A. Eigenvalues

The eigenvalues of the system matrix, also known as the
state transition matrix, within the state space correspond to
the poles of the system transfer function. Consequently, these
eigenvalues serve as predictive indicators of the system's
stability. In the case of a stable continuous system, it is
expected that the eigenvalue, or pole, resides on the left-hand
side (LHS) of the imaginary axis in the s-plane.

Inappropriate and appropriate values are selected for
Cases 1 and 2, respectively. In Case 1, both groups of
eigenvalues' locations (for inner loop and outer loop) are
lower than 1 decade. In contrast, for Case 2, both eigenvalues'
location is greater than 1 decade. In other words, in Case 1,
w, = A/5 rad/s and Case 2, w, = A/100 rad/s are selected.

1) Case I

According to the model, the Jacobian matrix is a function
of the operating point, then the eigenvalues of system depend
on the equilibrium point. In Fig. 5, the eigenvalues of the
controlled system are depicted, encompassing a set of four
poles. The values of the parameters that dictate the inner
control loop position the two real poles on the extreme left,
where their A value is equivalent to K;. Furthermore, the
remaining two poles appear as complex and are situated near
the origin, a position determined by the outer control loop. As
can be observed in Fig. 5(a), for the inappropriate choice
(Case 1), before changing the operating point, the values of
the obtained eigenvalues corresponding to the energy loop are
negative (for Vo = Vipepy). Butinin Fig. 5(b), for Vi,.pr =
1.5V epn, the values of the obtained eigenvalues
corresponding to the energy loop are positive. Therefore, the
system is unstable [78].

2) Case 2

On the other hand, for the appropriate choice (Case 2) in
Fig. 6, when the eigenvalues of both control loops are
decoupled (w, = A/100 rad/s), the values of the obtained
eigenvalues corresponding to the energy loop are negative
before and after changing the operating point (V. from
Verepn 10 1.5 Virern), as expected. The eigenvalues for the
inner loop are real. The eigenvalues for the outer loop are
complex [79]-[80] as:

wg = —§wy, ijwn\ll_fz (19)
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Fig. 5. Eigenvalues of the studied system (Case 1), (a): stable (b): instable
system

B. Waveform

The energy reference is derived from the voltage
reference and then passed through a second-order system to
achieve a smooth transition from the initial point to the final
point. As mentioned earlier, this approach ensures a seamless
progression and minimizes any abrupt changes during the
transition process.

Fig. 7 and Fig. 8 show the waveforms of the system while
the output voltage reference varies from 150 V to 225 V at t
= (.05 s for Case 1 and Case 2, respectively.
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Fig. 6. Eigenvalues of the studied system (Case 2)

1) Case l

In Case 1, the two control loop dynamics do not decouple
well. Therefore, the system is unstable for changing the
operating point when the output voltage reference varies from
150 V to 225 V at t = 0.05 s. Fig. 7 shows the waveforms of
the system while the output voltage reference varies from 150
V10225V att=0.05s. It is evident that the operational state
of the system has undergone a modification. The alteration
involves a shift in the output capacitor voltage reference,
transitioning from 150 V to 225 V. To achieve the desired
final value of the output capacitor voltage, an elevation in the
inductor current is necessary. However, it is apparent that the
inductor current, influenced by the outer loop controller,
deviates from its reference. Consequently, this deviation
leads to a decline in the output voltage, ultimately reaching
Zero.

2) Case 2

On the other hand, in Case 2, the control dynamics are
well decoupled, and the system remains stable when the
operating point is changed. However, the response time of the
energy loop is longer than that in Case 1. It is due to small
values of eigenvalues corresponding to the energy control
loop. Fig. 8 shows the waveforms of the system while the
output voltage reference varies from 150 V to 225 V at t =
0.05 s.

In Case 2, the control dynamics are well decoupled, and
the system remains stable when the operating point is
changed. However, the response time of the energy loop is
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longer than that in Case 1. It is due to small values of
eigenvalues corresponding to the energy control loop.

One can assume a damping factor £&=0.707 and conducts
simulations of the system using the averaged model for
expeditious results. The outcomes are illustrated in Table III.
It is noteworthy that smaller values of w,,, lead to increased

response times, as stipulated in equation (9).

TABLE III. SETLING TIME FOR DIFFERENT wy,,,

Wpy (rad/s) | Settling time, T (ms)
31.41 300.5
26.17 3732
24.16 404.3
250+ Inductor Current, Capacitor voltage
200
—_
2,
O 150
>
PR
< 100
. ,_:_]
50 - »
%%ﬁ“ﬁ
0 L L L 1 L I}
0.04 0.05 0.06 0.07 0.08 0.09 0.1

t(s)
. Energy, Reference

0.04 0.05 0.06 0.07 0.08 0.09 0.1
t(s)

Fig. 7. Inductor current (i), its reference (i), and output voltage capacitor
(v¢) waveforms. Energy stored in the capacitor () and its reference (Vyr)
(Case 1)

3) Comparison to PI controller

A comparison to a similar method from previous works
[65] to enhance research contributions is provided in this
section. The previous work is redesigned using the same
bandwidth of both controller loops. In this test, the load step
from R=75Q to R =37.5Q is applied at t = 1 s. The
waveforms of the output voltage and its reference for the
proposed and the PI control are given in Fig. 9. It can be seen
that the response of the system with the proposed method
using the indirect-sliding mode control and energy control
offers a lower undershoot voltage. The waveforms of the
proposed method are zoomed and given clearly in Fig. 10.

As the boost converter finds applications across diverse
contexts, the operational state of the system undergoes
fluctuations over time. These variations can arise from shifts
in load power or alterations in the properties of parasitic
elements, causing deviations from their nominal values. Such
changes in stability characteristics can impact the practical
deployment of the boost converter. To guarantee a consistent
and reliable power supply to the load, it is crucial to maintain
stable operation of the converter. Conducting a stability
analysis becomes imperative to anticipate and understand the
system's stability under different conditions.

250 Inductor Current, Capacitor voltage

[\o]
(=3
(=}

W
(=}

i, (A), (V)

L L I L L

0
0.04 0.05 0.06 0.07 0.08 0.09 0.1

t(s)

28 T

y(), y D)

12 N L 1 I 1
0.04 0.05 0.06 0.07 0.08 0.09 0.1

t(s)

Fig. 8. Inductor current (i), its reference (i,f), and output voltage capacitor
(v¢) waveforms. Energy stored in the capacitor (y) and its reference (Vyf)
(Case 2)
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Fig. 9. Comparison of output voltage capacitor (v;) waveforms and its

reference for the proposed method and the classic PI controllers
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Fig. 10. Output voltage capacitor (v.) waveforms and its reference for the
proposed method

4) Strenghts and limitation

It can be performed using the controller whose designing
process does not depend on the equilibrium point of the
converter such as indirect-sliding mode control. It offers
many advantages, for instance, robustness against uncertainty
parameters, constant switching frequency, and ease of
implementation.

However, when the system is well decoupled, as the
eigenvalue becomes smaller than in the latter case, the
response time of the energy loop becomes longer.

The limitations of this study can be outlined as follows:

i) To attain a swift response in the outer loop, there is a need
to accelerate the inner loop, resulting in a subsequent
demand for a higher switching frequency.

ii) The utilization of an indirect-sliding mode and energy
controller entails the requirement for four sensors—
specifically, two current sensors and two voltage sensors.

IV. CONCLUSION

This paper gives the design of a cascaded control scheme
based on nonlinear controllers. The energy controller and
indirect-sliding mode approaches are used as an outer and
inner loop. Using the average model, the eigenvalues of the
closed-loop system are investigated. To make the controlled
performance independent of the operating point, the
eigenvalues of the system must be fixed. It can be performed
by using the controller whose designing process does not
depend on the operating point of the converter.

The current controller is suitable for some applications,
such as the photovoltaic system, where the operating point
usually changes. In this paper, these controllers are applied to
a boost converter.

The results for the movement of eigenvalues
corresponding to the controller design are presented for two
cases.

The system can be unstable when the dynamics of the two
control loops do not decouple well. The operating point plays
a role in this case. The dynamical behavior of the system is
subject to temporal fluctuations, originating from variations

in load power or modifications in the properties of parasitic
elements, resulting in deviations from their nominal values.
These alterations in stability characteristics bear implications
for the pragmatic application of the boost converter. A
thorough investigation into its stability is imperative to
delineate a secure operational domain for dependable
utilization.

A drawback of this investigation is that achieving a rapid
response in the outer loop necessitates acceleration of the
inner loop, leading to an eventual requirement for a higher
switching frequency.

MATLAB/Simulink software was employed to conduct
local stability analysis, showcasing the trajectory of
eigenvalues associated with the controller design. This
analysis is imperative in the design phase to guarantee stable
system operation. The outcomes revealed precise adherence
to energy regulation and voltage adjustment to the introduced
changes.

However, when the system is well decoupled, as the
eigenvalue becomes smaller than in the latter case, the
response time of the energy loop becomes longer.

The research contribution is to study the local stability of
cascaded control based on indirect-sliding mode and energy
concepts because of its benefits in performance and design.
The closed-loop poles are fixed independently of operating
points, thanks to implementing nonlinear controllers based on
a large-signal averaged model without resorting to small-
signal linearization. The complete separation dynamics of the
inner and outer loops are investigated.

Future endeavors involve the integration of an LC filter at
the converter's input to mitigate ripple in the input current.
Additionally, there is a plan to explore the system's stability
when repositioning the poles of the inner loop to higher
levels, catering to the requirements of a constant power load
(CPL).
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