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Abstract: The hybrid step-up converter is a fifth-order system with a dc gain greater than the
traditional second-order step-up configuration. Considering their high order, several state variables
are accessible for feedback purposes in the control of such systems. Therefore, choosing the best
state variables is essential since they influence the system’s dynamic response and stability. This
work proposes a methodical method to identify the appropriate state variables in implementing a
sliding-mode (SM) controlled hybrid boost converter. A thorough comparison of two SM controllers
based on various feedback currents is conducted. The frequency response technique is used to
demonstrate how the SM method employing the current through the output inductor leads to an
unstable response. The right-half s-plane poles and zeroes in the converter’s inner-loop transfer
function, which precisely cancel one another, are what is causing the instability. On the other hand, a
stable system may result from employing a SM controller with the current through the input inductor.
Lastly, some experimental outcomes using the preferred SM control method are provided.

Keywords: dc-dc converter; boost converter; sliding-mode control

1. Introduction

The dc-dc power systems are utilized in several commercial areas, including non-
conventional energy-based power systems and the automobile industry [1-3]. Due to
switching losses, and the parasitic component of the passive devices, the typical boost
converter’s gain is restricted to around six times the supply value [4]. Several isolated
and non-isolated converters have been suggested recently to address this issue with the
objective to achieve a satisfactory conversion ratio at lower duty ratio values [3-17]. But
when industrial use did not need any isolation, using transformer-based power converters
often raise the system’s overall cost and size. Additionally, losses that are related to the
transformer’s secondary circuit reduce efficiency. Non-isolated converters are therefore a
more attractive option in such situations. Hybrid power converters are one class of these
converters [1]. This novel category of power conversion is created by enhancing the gain of
classic converters by adding switching capacitor/inductor structures to them. It provides a
number of benefits, such as reduced magnetic energy, which lowers the weight and cost of
the inductive devices in addition to the overall cost of the power supply.

Recently, there has been some interest in controlling high-order power converters due
to the intricacy of their control [3-17]. First, the non-minimum character of their overall
transfer function (TF) poses a certain challenge in their controller design [5]. In order to
remedy this and achieve overall stability, the inductor current needs to be added to the
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feedback [5]. For instance, in [6,7], the control of the quadratic converter and the ultra-
step-up boost converter is achieved, respectively, using the current through the inductor
in feedback. But, as opposed to the case of the orthodox boost power converter, there
are several difficulties in implementing such a current-mode controller for their higher-
order counterparts. This is mainly because they contain a greater number of passive
components and more than one inductor current is available to be used in the design of the
controller. This raises a number of queries. How should the indirect current feedback-based
scheme be implemented for the high-order power converter to choose the best inductor
current? Additionally, how does the closed-loop system’s overall stability and dynamic
response change due to the choice of a certain inductor current in the regulation scheme? In
conclusion, choosing the suitable inductor current is important when designing the control
scheme for high-order dc-dc topologies.

Another typical regulation way for dc-dc converters is a sliding-mode (SM) technique
due to its ease of implementation and accuracy [9]. The pulse-width modulation (PWM)
approach has been used in some prior research to realize the SM control scheme for higher-
order power converters, and it has a variety of benefits including lower power losses
owing to fixed switching frequencies and a good transient response for several operating
conditions [9-11]. However, with this method, it is challenging to produce a decent steady-
state control [12]. This is because if a single integral term is used in the sliding surface, it
vanishes from the control signal when the first derivative of the sliding surface is taken to
obtain the equivalent control signal. Though a sliding surface with a double integral can be
employed to solve this issue, the use of such a PWM way of implementation also puts a
risk of saturation. To address this concern hysteresis-modulation (HM)-based SM control
scheme has been employed for the high-order power converters. Such hysteresis-based
modulation avoids the saturation of the control signal and allows ease of implementation.
Even though this methodology has been applied to high-order step-up topologies in the
past [14-17], the common aspect of most of these past works is that they did not provide
the detailed theoretical basis behind the selection of state variables used in the controller
design. As such, a likely question is this: Is there a situation in which the feasibility of the
SM controller designed using a specific state variable becomes problematic? If there is, then
what is the solution? To answer these questions, further investigations are required.

The issue of choosing the appropriate inductor current in the realization of the HM-
based SM control method for a high-order step-up configuration is addressed in the present
work. To this end, a methodical method for choosing the best feedback current for the
SM-controlled hybrid boost topology is suggested. Even though the analysis is presented
as a case study for the particular topology, other types of converters can simply use
the suggested approach to identify the right collection of state variables for their SM
controller implementation. The two-loop control scheme used in this paper consists of a
current feedback-based inner-loop SM methodology whose reference is obtained using
a PI compensator that acts on the output voltage error. However, because there are two
inductors in the converter circuit, the most suitable current must be chosen in order to create
an inner-loop SM controller. A detailed theoretical comparison of SM control methods
based on two separate inductor currents is done to address this issue. It is discovered that
the converter’s outer-loop TF becomes unstable when the regulation is based on the output
inductor current. Contrarily, a stable corresponding TF is produced when it uses the input
inductor current. The validity of these theoretical conclusions is then confirmed by several
experimental findings.

2. State-Space Modeling for the Hybrid Topology

The hybrid topology’s circuit schematic is depicted in Figure 1a. It contains an extra
step-up arrangement as compared to the second-order boost topology. This additional
arrangement primarily consists of two capacitors (C;, C;) and two diodes (D1, D,). To
lessen the ripple in the load current, an inductor L, is added. In summary, to increase
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the gain of the orthodox step-up topology, switching inductor/capacitor topologies are
combined to create this converter [1].

Ly D, L,
MM By MM
E—— g — — G, Co— ; R
D,
(a)
L4 L,
™ MM
E—— — — C, Co— gR
(b)
L4 L,
MM ™M
E—— — — G, Co— R

(©)

Figure 1. Circuit diagram and modes of operation of the hybrid topology: (a) circuit schematic;
b)u=1,(c)u=0.

The following presumptions are made in order to streamline the modeling and create
the topology’s averaged modeling equations: (a) The MOSFET ‘S’ switches on and off in
synchrony with all of the diodes; (b) the dc-dc system is working in continuous mode of
conduction; and (c) all of the diodes and the semiconductor switches are viewed as perfect
components with very low parasitic resistance.
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The following describes the system’s two operational modes.

‘Mode 1": Both diodes are biased in the reverse direction and the semiconductor device
‘S’ is closed while the device is working in this first condition. Energy is provided to the
output resistance by charging the inductor L; from the voltage source E and discharging
the capacitors C; and C; in series. The derivative expressions for this mode of operation
can be obtained by employing Kirchhoff’s laws of voltage and current (KVL and KCL) in
Figure 1b and we obtain:

n_l (D
%%:%_éa ©)

where ij, and ij, are the currents through two inductors, L; and L, and v¢,, v¢,, and v,
are the capacitor voltages across Cq, Cy, and C,, respectively. Also, the input voltage and
nominal load values are given by E and R, respectively.

‘Mode 2’: In this operational mode, the semiconductor MOSFET ‘S’ is in an off state
and D; and D; are biased in the forward direction. This ensures a way for the flow of
inductor current i, and the energy from the input and energy in the L; are shifted to
two capacitors, viz., C; and Cy. Also, load-side capacitor C, and the load itself obtains
the energy stored from L. The derivative expressions for this mode of operation can be
obtained by employing Kirchhoff’s laws of voltage and current (KVL and KCL) in Figure 1c
and we obtain:

di, __vq  E 6)
dt L1 Lq
di, _ v, 0o @)
dt L, Lo
d?}cl _ iLl iLz (8)
dt CG+C CG+G
dvcz _ iLl _ iLz (9)
dt CG+C G+G
do, 1. 1 (10)

at G2 RrRe, %

By using C; = C; = C and vc, = vc, = v, one can obtain the averaged state-space
expression of the system:
diLl _ (1 — u) E

T —Tvc + fl (11)

diLz 1+u 1

- L Oc — fzvo (12)
dve,  (1—u), 1+u,
2 _ — 1
it~ 2c T ¢ ' (13)
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do, 1.

@ TGk RG Y

Here, the control input is u so that u = (0,1). The model given by (11)-(14) can

further be used for the isothermal and electrothermal analysis of the converter [18]. One
can determine the equilibrium values of parameters as follows:

(14)

V? vy Vi+E . V;—E

71‘/: ru_
c V,+E

_'d _
I =gp =73 2

(15)

where [ Ly 1L, Ve, and U signify the nominal computations of i L i Lys Ve, and u, respectively,
and V; is the reference output voltage.

3. Comparative Study of Sliding-Mode Controllers

The theoretical design of the SM scheme for the fifth-order topology is addressed
initially. To fix the best inductor current for the control scheme’s implementation, two
SM controllers are independently developed utilizing the currents through the input and
output inductors of the topology. The initial design of the SM controller uses the output
inductor current, and its drawbacks are demonstrated.

3.1. SM Scheme Based on Current through Output Inductor

The sliding surface in this instance determined by the output inductor current is

oo(x) =ip, — Iro(t) (16)

where reference trajectory of iy, is Izo(t) and it is obtained with a proportional-Ointegral
(PI) scheme given by:

Iro(t) = Kpy (Vg — vo(t)) + KH/ (Vi — vo(1))d7 (17)
where Kp; and Kj; are constants.

Next, the time differentiation of (16) is used to obtain the form of the equivalent control
Ueq1 and using (12) and (16), we obtain

=0 1, dlrolt) _ ;| vl (vo Ty leO(t)) (18)
c

Upq] = S
eql Ve Ve dt dt

where 11,41 is continuous and 0 < 1, < 1. Substituting (18) in (11), (13), and (14), we obtain:

diLl . 1 dIRo(t) E
dt—‘h@%—%—h T )+Lz (19)
doc _ iy (, 1 dio(t)\) i, (1 dIzo(t)
it 2C (2 Ve <v°+L2 dt 2\ o\ TRy 20)
dvo . iLz 1
it — C, RG,” (21)

By setting (19)—(21) to zero, the equilibrium values are derived as:
i, = IRo’R/E, it, = Iro, 7 = ((Igo-R) +E) /2,75 = Iro.R. (22)

Next, Lyapunov indirect method has been employed for the stability analysis. To
this end, linearizing (19)—(21) about the steady-state operating point (22) yields the system
given by:

~ ~ ~ du
Zl:MlZl+Nlu1+PlT; (23)
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y1= Q7 (24)

~ ~

where, Z1 denotes the small-signal perturbations in the states such that 21 =i L, Ve o)L

Also, u1 = I o depicts linearized input, ?1 = [ v, | depicts corresponding output, and

M;i, Ny, P, and Qq are given by:

2 1 -
0 1 Iy 0 7 0]"
av,? Ve | Ny = |—= | P = | _DVa|, 01 = |0 (25)
C(V4+E) RCE(Vz+E) RCE|’ ™17 | CVe+E) | 1= |—RcE |7 =1~ :
0 0 o & 0 1

It is now possible to examine the stability of the entire system in the frequency domain.
Using the Laplace transform (LT) to (23) and (24), the inner-loop TF is obtained as

- ~ SR |/ |
Gio(s) = Vo(5) _ ( RCE(E+Vy) CLl(E+Vd)) (26)

T 1 2V, 2E
Iro(s) Go (S + RTU) (52 ~ RCEETV)S T CLl(E+Vd))

This TF is not stable because the denominator polynomial has a negative coeffi-
cient. It is necessary to assess the stability of (26) without deleting any common poles
and zeros, even when the roots of the numerator and denominator polynomials exactly
cancel each other. Particularly unstable systems include those with unstable pole-zero
cancellations [19]. This is due to the possibility that, despite being theoretically possible, the
exact pole-zero cancellation may not be achievable in practice. Additionally, the system’s
output may become unbounded if any disturbances are added to such systems [20]. From
(26), it is clear that all converter parameter values result in the cancellation of unstable
poles and zeros, and as a result, the closed-loop converter designed using the load-side
inductor current is unstable regardless of the values of the converter parameters utilized.

3.2. SM Scheme Based on Current through Input Inductor

In the preceding subsection, the SM method employing the current through the output-
side inductor has been shown to be unsuitable for controlling the converter in that it gives
rise to system instability. This subsection addresses the suitability of the SM configuration
employing the current in the inductor at the input side.

The revised expression of the sliding surface is now:

U'I(X) = iLl — IRI(i’) (27)

where Igj(t) is the trajectory of the reference value of the current given by:

Iri(t) = Kp2(Va — vo(t)) + KI2/ (Va —vo(7))dT (28)

Also,
y - {0 when oy(x) > 6 (29)

1 whenoj(x) < =6

where 6 > 0 is a fixed value. Here, a non-zero value of J is necessary since an ideal
comparator solution call for the usage of a switching frequency that is near infinite, which
is very much impractical given the power components’ intrinsic inability to work at these
very large frequencies. Apart from this, in the event that there are noisy input signals, a
perfect comparator may generate erroneous switching signals. In light of this, the hysteresis
band boundaries are defined as 44 and —¢ as given by (29).
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Employing similar methods as used earlier, the expression for the equivalent control
law is obtained by equating the derivative of (27) to zero. Using (11) and (27) in 07 = 0 gives:

U — E 1 dIRI(i’) . 1 dIRI(i’)
Ueq2 = o + o Lq T 1 o E—-1L T (30)

where 0 < 1, < 1 should be satisfied. Using (30) into (12)—~(14), we get the system’s
dynamics as:

dig, 1 dlgy(t) 1
dUCl _ iLl E Ly dIgy(t) iLz E  LidIgs(t)
dt _2C<vc_vc dt >_2C(2_vc+vc dt 32)
dUo i iLz 1
dt ~ C, RC,™ 3)

By setting (31)—(33) to zero, the expression of the equilibrium point is:
i, = Ini, i, = (IRiE/R)Y?, 50 = (g ER)YZ +E) /2,9 = (I ER)Y2 (34)

Again, to obtain the TF of this controlled system, linearizing (31)—(33) about (34), we
get a linearized system as:

~

K - N d
2y = M222+N2u2+P2% (35)

Yy, = Q2zy (36)
where 52 = IR is the system’s linearized input, 22 = [ i, 55 ?JO]T depicts the new states

and ;2 = { Vo } is the corresponding output of the system. Also, matrices M, N>, P>, and

Q» are given by:
E
M= |—cwisn ~reven 0 | M= |emam | 2= —R, Q= 0| . (37)
1 0 — L 0 0 1
G RC,

The new TF of the inner loop is found by using the LT on (35) and (36), and we obtain:

~ v d dps? 4 dys + d
Gua(s) = 2L _ 46 _ e + s o (38)
Iri(s) e(s) e38° + eps- +e1s + ¢y
where the coefficients d, — dg and e3 — ¢y are given by:
_ L _ 2V L L _ 2F _ _ 1
dz - Coizl dl - chﬂ (LZ(E‘l"'Vd) - ﬁlE)’ dO B CCOLZ(E+Vd)/ 63 - 1’62 - m+ (39)

2V,

_ 1 d f 4V
RC(E+Vy)’ €1 = CI; + CCoR%(E+V,) + CLy(E+Vy)’

0 = CC,LLR(E+Vy)

[

It is important to note that, as opposed to (16), all the coefficients of the denominator
polynomial have positive coefficients, i.e., ¢; > 0,i = 0, 1, 2, 3. As such, a stable TF

vo(s)/ I rr(s) is obtained when the current in the inductor at the input side is used for the
SM controller design. Now, the controller for the voltage loop which is basically an outer
loop is realized using this TF as an open-loop TF (see Figure 2).
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Va PI Ins 71(X) — Hybrid High- 5
Controller Modulator H Driver ogler Bc:ost v,
onverter
i,
Current-loop
Voltage Loop

Figure 2. A two-loop control scheme.
For instance, consider the converter system with parameters as:
E=5V, V;=2185V, L1 =L, =680puH, C=Cy=220uF, R=220Q. (40)
Substituting (40) in (38) gives:

Do(s)  0.4545 x 10% (52 — 146.65 +2.49 x 10°)
Tr(s) (51 2559)(s2 428,685 + 175 x 107)

Now, (41) may be used to design the PI for the outer loop as an open-loop TF (see
Figure 2). To assure the overall closed-loop stability, a separate analysis is needed because
the introduction of an outer-loop controller has the potential to significantly alter the
system’s dynamics. Therefore, a usual PI compensator of the form G.(s) = Kp + % is used
for the outer loop. The fundamental purpose of an integrator is to decrease the output

voltage error at a steady state. For Kp = 0.1, K = 2, the PI controller is given by:

E’il(s) = 41)

C01s+2
o s

Ge(s) (42)

Figure 3 depicts the Bode plot of the overall gain Gy (s), which is the product of a
voltage sensor network with gain § = 1/5, the proportional-integral controller G¢(s),

and an open-loop plant ¢ (s)/ 1 r1(s). The phase margin achieved is 95.3°. Also, the gain
margin attained is 61 dB. As such, a stable closed-loop system with adequate phase and
gain margins can be achieved with a SM scheme based on a suitable current in the feedback.

Magnitude (dB)

SRRV I U O USRS A WU UMM I N SO S S

-+ 7
. . +
—270 : : A M : f .
: : R +. L
&‘ i H

Phase (deg)

—360

_540 ; H ! . 5
1071 10° 102 104 10°

Frequency (Hz)

Figure 3. Bode plot of loop gain Gy (s) obtained with a SM controller based on an input current in
the feedback.
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4. Simulation and Experimental Outcomes

Some experimental as well as simulation outcomes are given to justify the suitability of
the SM methodology employing an input current in the feedback. The converter parameters
given by (40) were used. The gains of the control scheme employed are Kp = 0.1 and
Ky = 2. Additionally, the switching function provided by (29) was implemented with
0 = 0.1V, and a voltage feedback factor of § = 0.1 was utilized. The controller’s block
schematic is shown in Figure 4.

Hybrid-

type
E — Dc-De Vo
Boost
Converter B

Driver Circuit I BV,

Switching Rl <
function

Figure 4. Controller’s block schematic.

4.1. Simulation Results

Initially, some simulation outcomes are produced to affirm the analytical outcomes
reported in Section 3. To this end, PSIM version 9.0.3 was used to execute the proposed
SM-controlled system employing the preferred current through an output inductor [21].
The output voltage and associated current through the inductor of the system are depicted
in Figure 5a,b, respectively. At the start, the set point voltage was switched at t =1 s from
0V t0 21.85 V. Then, at t = 2.5 s, the value of the reference is changed again to 26.85 V, and
then at t = 3.5 s, it is changed back to 21.85 V. The system output was seen to keep track of
variations in its desired value having almost no overshoot and a very brief settling time,
as can be shown. At t=4.5s, the load dropped from R =220 to R = 110 (a 50% reduction),
and then at t = 6 sec, it was increased again to R = 220. As can be observed, when load
disturbances started, the voltage at the output quickly returned to the chosen reference
output voltage.

The exactness of the theoretical derivation of the mentioned control scheme presented
in this research was then confirmed through a comparison of the analytical and simulated
Bode plots of the output voltage to inductor current transfer function. Figure 6 displays the
appropriate Bode plots, which were generated using the current in the inductor at the input
side in feedback. The transfer function G;;(s) = 7”“—((5)) which is given by (41) is depicted

S
by the solid blue line on a Bode plot. Based on theRa{nalytical way of the control scheme’s
design described in Section 3, this transfer function was obtained. The dotted red waveform
depicts the Bode plot based on the actual SM control scheme of the dc-dc converter realized
in PSIM software. The PSIM’s "AC SWEEP’ technique was used to generate the Bode
charts in this case. The AC analysis principle states that a small excitation is introduced at
the system’s input end and extracts a signal having the matching frequency at its output
end [22]. The analytical design of the suggested controller that controls the dc-dc converter
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is validated by a satisfactory match between the Bode plot obtained analytically and the
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approach of the design of the control scheme. Dotted red line: Bode plot based on the actual SM

control scheme for the de-dc converter realized in PSIM software.



Information 2023, 14, 443

110f13

4.2. Experimental Outcomes

Some experimental outcomes are given to justify the suitability of the SM methodology
based on an input current in the feedback. The converter parameters given by (40) were
used. Also, § = 0.1 V was employed. Figure 7 shows the circuit schematic of the hardware
implementation of the closed-loop scheme. Here, V;; and vps represent scaled values of the
reference voltage V; and the output voltage vy, respectively, with scaling factor . The SM
controller given by (27)—(29) was built in the laboratory employing routine analog devices
as shown in Figure 7. Also, the inductor current was measured using LTS-6NP. The values

Kp = 0.1 and K; = 2 were used.

10V
|:2 7

Vis oSt L7041

1ov
2KQ T

RESET i Optocoupler — 1y (0T t3)

Ygr

1['—

2KQ

igy(oriyy)o CDAIMB-AL

v

Figure 7. The circuit schematic of the hardware implementation of the closed-loop scheme.

Initially, the system’s transient response is depicted in Figure 8a which demonstrates
the waveforms of the voltage at the output and current through an inductor. As demon-
strated, a nearly critically damped output response was attained with hardly any overshoot.
Figure 8b,c depict the response of the system when the load at the output was changed
from 220 () to 440 Q) (vice-versa) and 720 () (vice-versa), respectively. Once more, it was
discovered that the output voltage could be returned to the intended value with a minor
overshoot and a worst-case settling time of 0.8 s. It was also assessed how well the sug-
gested controller handled changes in the reference voltage. After switching the reference
voltage from V; = 21.85 V to V; = 10.35 V and back again, the converter’s output is shown
in Figure 8d. All of these demonstrate the SM controller’s capability to control the output
voltage of the system by utilizing the input inductor current.
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Figure 8. System response obtained with the SM methodology based on current through the input-
side inductor (top red waveform: output voltage (Ch. MATH: 10 V/div, 1 s/div), and bottom green
waveform: current through input-side inductor (Ch.4: 1 V/div, 1 s/div)): (a) converter’s transient
response. (b) Waveforms when load varied from 220 (2 to 440 Q) and vice-versa. (c¢) Waveforms when
load varied from 220 () to 720 () and vice versa. (d) Waveforms when reference input changed from
21.85V t0 10.35 V and then back to 21.85 V.

5. Conclusions

In order to construct the SM scheme for the hybrid step-up configuration, a methodical
technique for choosing the best inductor current was described. Two HM-based SM
controllers were compared in-depth utilizing two currents through the distinct inductors
of the converter. According to the theoretical analysis, the converter’s current-to-output
voltage TF is unstable when the SM control scheme uses the inductor current at the output
side. The current-to-output TF exhibits unstable pole-zero cancellation. However, the
SM scheme utilizing the current through an input-side inductor does not experience this
issue. The effectiveness of the HM-based SM control scheme to control the high-order
dc-dc converter utilizing the input inductor current was also demonstrated through certain
experimental results. Last but not least, it is imperative to highlight that the suggested
method for choosing the best state variables is quite general and may be employed to control
other high-order step-up topologies by creating workable HM-based SM controllers.
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