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Abstract

A robust controller design to obtain output voltage regulation in a quadratic boost converter with
high DC-gain is discussed in this paper. The proposed controller has an inner loop based on sliding-
mode control whose sliding surface is defined for the input inductor current. The current reference
value of the sliding surface is modified by a proportional-integral (P1) compensator in an outer loop
which operates over the output voltage error. The stability of the two-loop controller is proved by
using the Routh-Hurwitz criterion, which determines a region in the K,,- K; plane where the closed-
loop system is always stable. The analysis of the sliding mode-based control loop is performed by
means of the equivalent control method while the outer loop compensator is derived by means of the
Nyquist- based Robust Loop Shaping approach with the M-constrained Integral Gain Maximization
technique (RLS-MIGO). Robustness is analyzed in depth taking into account the parameter variation
related with the operation of the converter in different equilibrium points. Simulations and
experimental results are presented to validate the approach for a 20 - 100 W quadratic boost
converter stepping-up a low DC voltage (15— 25 V DC) to a 400 V DC level.
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I. INTRODUCTION

THE NEED OF DEVELOPING ad-hoc electronic equipment for power distributed systems,
electric vehicles and energy backup architectures, which are supplied by batteries, fuel-cells,
photovoltaic modules or other DC sources [1]-[3], is prompting engineers to use a 400 V DC bus
as a core of the distribution. Examples of this are residential micro-grids, hybrid vehicles, telecom
installations and data centers among others [4]-[5]. As a consequence, non-standard DC-DC
converters with the capability to step-up a low DC voltage to a high-voltage level are required
since the canonical boost converter has severe constraints to obtain gains higher than ten [6].
Although both transformer-based and transformer-less topologies can be proposed, the
requirements in power density, weight, size and cost of the new devices make the transformer-less
topologies a more interesting choice [7]-[10]. Among these topologies, single-switch converters
derived of the conventional boost converter, such as quadratic boost and the cubic boost
converters can be attractive solutions since they can operate within a safe duty cycle range
avoiding modulator saturation [11]. Besides, the quadratic boost converter shows a better trade-off
between efficiency and duty cycle operating range than the cubic boost converter because of the
higher complexity and number of components of the cubic structure [12].

Moreover, robust control of the boost converter has become an attractive research field in the
last years due to the non-minimum phase nature of its control to output transfer function, which
results from the linearization of the converter averaged equations around the steady-state and
whose parameters have a high degree of uncertainty. To solve this problem, different methods
have been proposed such as robust gain scheduled control [13], robust LQR control [14], robust
non-linear adaptive control [15] and internal mode control [16], among others. Although the
quadratic boost converter is a boost- derived converter topology, its structure has a higher
complexity and so far few solutions have been reported, all existing proposals being based on
pulse width modulation. The first approaches were based on cascade control with an inner current
loop which is obtained using average current control [17] or current programmed control [18], and
an outer voltage loop which regulates the output voltage using a Pl compensator whose design

does not consider the uncertainty in the converter parameters. A more recent proposal uses the
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same scheme to regulate the output voltage of the quadratic boost converter, but tackles the
control problem using reduced redundant power processing (RRPP) [19]. In addition, a theoretical
approach solving the control problem by means of a linear combination of the states instead of
using a cascade type multi-loop control has been recently presented in [20], but its electronic
implementation would be considerably complex. Besides, another approach using an adaptive PI
regulator has been presented in [21] where the main goal has been proving the stability from an
incremental passivity perspective, but without presenting experimental results validating the
approach. Hence, designing a robust controller for voltage regulation in a quadratic boost
converter is still an open problem whose solution can help engineers to better exploit this
converter in transformer-less high DC gain applications.

The aim of this paper is to tackle the problem of regulating the output voltage in the quadratic
boost converter operating in continuous conduction mode with high duty cycle values. This latter
constraint imposes the use of a hysteretic comparator to perform the required modulation in the
control loop without risk of saturation.

Hysteresis-based controllers are increasingly used to implement voltage regulation modules
(VRMs) since they exhibit, at the expense of a variable switching frequency, a fast dynamic
response in a wide regulation range with high duty cycle values. To design accurately this type of
controllers in switching power converters, three techniques have been compared in [22]: a)
describing function, b) Tsypkin’s method, and ¢) sliding-mode control theory. It has been proved
that the sliding- mode approach is the best solution and that it also allows a comprehensive
description of the converter dynamics in the time domain. The sliding-mode control theory has
been successfully applied in power switching converters, its applications ranging from voltage
regulation in DC-DC power converters [23]-[30] and tracking of time varying current references
[31]-[33], to control of the inrush current in the converter start-up [34].

The sliding-mode control is used in this approach to design a hysteresis-based quadratic boost
converter that provides a regulated output voltage of 400 VV DC from an input voltage in the range
of 15 to 25 V DC. In this paper, the definition of a simple sliding surface for the regulation of the
input inductor current yields the indirect control of the output voltage by forcing the mentioned
current to reach a desired reference value in the equilibrium state. Therefore, if the current
reference in the sliding surface is modified by the action of a Pl compensator processing the
output voltage error, it will be possible to regulate the output voltage to a desired level. Thus, the

proposed controller consists of two loops, namely, an inner loop for input inductor current control
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and an outer loop establishing the reference for the inner loop to ensure the output voltage
regulation. Hence, to cope with the parameter uncertainty, a robust loop shaping method is chosen
to synthesize the Pl compensator with robustness constraints. The values of PI gains K, and K;
are obtained for the stable range given by the Routh-Hurwitz stability test using a geometrical
analysis in the Nyquist diagram involving the maximization of the integral gain [35]-[38]. This
Robust Loop Shaping synthesis technique will be referred in the following as RLS-MIGO.

The rest of the paper is organized as follows. The quadratic boost converter model and the
proposed control scheme are presented in section I1. Next, the analysis of the sliding-mode current
loop and the linearization of the ideal sliding dynamics are performed in section Ill. In section 1V,
the robust approach to synthesize the outer-loop compensator and the analysis of the parametric
variations are presented. Simulation and experimental results verifying the effectiveness of the
proposed control are reported in sections V and VI respectively. Finally, conclusions are given in

section VII.

Il. QUADRATIC BOOST CONVERTER AND PROPOSED CONTROLLER

The quadratic boost converter is a fourth-order structure with two commutation cells in
synchronous operation. The first cell is composed of controlled switch S and diode D1, which
constitute a boost converter stage together with inductor L2 and capacitor C2. The second cell is
composed of diodes D3 and D1. As shown in Fig. 1, this converter has two circuit configurations
for continuous conduction mode operation (CCM). In ON-state, switch S is on, diode D2 is on and
diodes D1 and D3 are off. In OFF-state, switch S is off, diode D2 is off and diodes D1 and D3 are
on. The bilinear model (1) is obtained from the differential equations derived for each converter

state.

D1

[\n C1 v s c2 RZ v

Fig. 1. Quadratic boost circuit configurations: a) ON-state; and b) OFF-state.
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The control variable u is the gate signal of the controlled switch S, so that u = 1 during ON-state
and u = 0 during OFF-state. Current source i, models the possible output load disturbances.
Operation in CCM is guaranteed through the selection criteria for L1, L2, C1 and C2 values [39].

In steady-state i.e., derivatives equal to zero, the control variable u can be replaced in (1) by its

average value represented by the duty cycle D yielding the relation.

v v 1
R )
Vi, Vo1 1-D
from which it can be deduced the ideal static transfer function of the converter M(D).
M(D) = (@) (E) — ; 3)
Ve1/ \ Vi (1-D)?

Besides, input voltage perturbations, load variations and the uncertain value of the parasitic
resistances in all components contribute to introduce voltage drops, deviating the actual output
voltage of its expected value. Therefore, to obtain a regulated output voltage it is required a closed
loop feed-back control system.

The presence of the right half-plane zeros in the dynamics of the high-order boost derived
converters precludes the use of a single loop compensator processing the output voltage error.
Therefore, the voltage regulation will be performed by a two-loop control scheme whose inner
loop will process a fast variable like the input inductor current whereas the outer loop will
establish the reference of the inner loop by treating a slow variable as the output voltage error
[40]. Fig. 2 illustrates the hysteresis-based two-loop control, where the inner current loop is

defined by means of a sliding surface S(x) and drives the converter to a stable equilibrium point.
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The outer loop generates the required reference Iz (t) at the output of a Pl compensator in order to
keep constant the coordinate of the output voltage in the equilibrium point in spite of input voltage
perturbations or load changes. The dynamic behavior of I(t) is considerably slower than that of
the input inductor current and therefore it is possible to separate the analysis of inner and outer

loops.

X c1= mS C20—R<=Ve
—

HYSTERESIS
CONTROLLER
1

CONTROLLER

Fig. 2. General representation of the proposed control scheme.

I1l. LINEAR MODELING OF THE IDEAL SLIDING DYNAMICS

The control strategy in Fig. 2 is based on the sliding surface (4) which is defined using the input

inductor current.
S(x) =iy — Ig(t) (4)

where I (t) is given by

150) = ~Kp (0 0) = Vrey) = K | (062 (D) = Vyep)dA (5)

The switching function u yielding sliding motions is expressed as follows

(1, when S(x) <0
v= {0, when S(x) > 0 ()
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Evaluating the existence condition S(x) - S(x) < 0 using the control law (6) leads to the local

reachability condition (7).

dlg

a S %

0<wv,—L1

Applying the invariance conditions (S(x) = 0 and S(x) = 0) [41] in (1) and (4) leads to the

equivalent control

1 dl;
ueq = 1——(171—141%) (8)

By introducing both S(x) = 0 and the expression of the equivalent control in (1), the equation

system (9) is obtained, which represents the resulting ideal sliding dynamics of the converter.

dij, Ve1 Ve 1 dlg
- -1

dt L2 L2 vg dt
dve, g2 ipp 1 dlg
S S N -—L1—> 9
dt C1 (1 vc1( ' dt ©)
N Y P
dt RC2 C2vy dt C2

By solving the equilibrium point of (9), considering that i(t) has the constant value

I, expression (10) is obtained.

3 1
1 = Ig; . ;= 154(Ui/1f)4; (10)
Ve1 = (IgR)%v;%; Vez = (IgviR)2

It is possible to show that under the conditions v¢, >iv_c1 and iy, < 21, , the inner loop
(i.e. Iz (t) = constant = I) with the associated equilibrium point given by (10) is asymptotically
stable (see Appendix). It is worth noting that the region delimited by v, > %V—Cl and i, < 21,

covers an important domain of the system operation. However, proving the stability of the overall
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system (i.e., the converter controlled by the two loops) is a difficult task, so that in the sequel only
an analysis based on linearization (first method of Lyapunov) is provided, this approach being
classically adopted in several studies [30].

By linearizing (9) around the equilibrium point (10), the equation system (11) is obtained where
the superscript (~) stands for the increments of the variables in (9) around the corresponding

equilibrium values.

dip, 2 _ v, L1vgdiy Vg

dt 127 T L2vg 2 T Iovg dt | L2mg

dvg; =1 __ lg = 4 v, . Llip dig g

dt  C1™2 T Tiog, ' T o, BT Clug dt  Clogg (11)
A~ U U 1 Llgpdip T, 1

dt (2052 C2vg, T RC2V? T Coug dt | C2mg b c2®

By applying the Laplace transform to (11), the polynomial function (12) is obtained

A(s)Viz(s) = B(s)Ig(s) + C(s)Vi(s) — D(s)Io(s) (12)

where V., (s) is the linearized system output, Iz (s) is the corresponding input , and I,(s) and
V;(s) represent an output load disturbance and an input voltage perturbation respectively. The
terms A(s), B(s), C(s) and D(s) are defined as (13), (14), (15) and (16) respectively.

. _ C2 5 [ (., C2 T\ 4v;,
A(s) = L2C20,5° + Tyyvc, (Kma + 1) s*+ [vcz (2— + K —) + vl] s+ (13)

C1 mTa Tcr

s ., KR L _ 2Ry,
B(s) = Ky T1T1,RVc,5° + Ty iRV + 2TV, + Trov)s + (14)

TCl TCl

2K, U,
C(5) = KnT120c75% — Tggs + —— (15)
Teq
K. T,,Rv, 2Rv

D(s) = T,,Rvgs? — 22 2o —¢2 (16)

Teq Teq
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Where Km = v_c'z/v_c‘l = 17_(:1/17U TLl = Ll/R, TL2 = LZ/R, TCl =R Cl, TCZ =RC(C2 and
superscript (—) represents the equilibrium values of the state variables. Thus, by nullifying the
dynamics of both disturbances, it is possible to obtain the transfer function from the incremental

input inductor current to the incremental output voltage

Vea(s) _ @
Ig(s)  A(s)

Likewise, by nullifying the dynamics of the input current and one of the disturbances, it is

Gie(s) = (17)

possible to obtain the transfer function from either the input voltage variation or the output load

perturbation to the incremental output voltage, given by (18) and (19) respectively.

Ve (s) _ C(s)

Gyi(s) = V) AG) (18)
_Vea(s)  D(s)
Gio(s) = LG - Al (19)

IV. SYNTHESIS OF THE VOLTAGE REGULATION LOOP

Although the sliding-mode control inherently gives robustness to the controlled system, the
existence of the outer compensator drastically changes the overall dynamics of the converter
variables, and therefore the robustness has to be guaranteed by an appropriate selection of the
compensator parameters. Hence, to synthesize the controller parameters, the Routh-Hurwitz test is

used first to establish the main design constraints [42].

A. Determination of a local stability region

The PI compensator in the outer loop is defined by the transfer function
K:
Ge(s) = Ky +— (20)

Therefore, the loop-gain transfer function is L(s) = G.(s)G;.(s) while the closed- loop transfer

function from reference voltage to output voltage is given by
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Goo(8) = A(s)G 1(3268(539(5) 1)
Therefore, the characteristic polynomial is given by
P(s) = s(A(s) + G.(s)B(s)) (22)
By defining A(s) = azs® + a,s? + a;s + a,, and
B(s) = b3s3® + bys? + bys + by, it is obtained that
P(s) = pus* + p3s3 + pys2 + pis + v (23)

Whel’e Po = boKi, P1 = Qg + blKl + boKp, P2 = aq + bZKL + ble, P3 = Qa, + b3KL + szp,

ps = az + b3Ky,. Thus, by applying the Routh-Hurwitz stability test, the resulting array is given in
Table I.

TABLE |

ROUTH-HURWITZ STABILITY RESULTING ARRAY

st P4 ) Po
$3 P3 P1 0
52 (P2p3 — P1P4) /D3 Po 0
st |(P1P2p3 — P1%Ps — PoP37) /D3 0 0
590 Po 0 0

Therefore, in order to have a stable system, it is necessary to guarantee the fulfillment of
conditions in (24).

Po > 0; p1 > 0; p2 > 0; p3 > 0; py > 0;

(24)
D2P3 — P1Ps > 0; D1P2P3 — P1°Pa — PoP3> > 0

From the above procedure, a stable region in the K, - K; plane is delimited by

COﬂditiOﬂS po > 0, pz > O, p2p3 - p1p4 > 0 and p1p2p3 - p12p4 - p0p32 > 0 SOIVing pO >
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0 directly renders K; > 0 and solving p, > 0 implies K,, > 0. Further, solving p,p; — p1ps > 0, a
second-degree equation corresponding to a hyperbole in the K,, - K; plane is identified. Finally,
solving p;p.ps — P12ps — Pop32 > 0 a third-degree relation is also identified. Fig. 3 shows the
evaluation of the stability conditions for a constant operational point and the resulting stability

region.

P1P>P3 - ,012,04 —pop32 =0

2500
- ¥ .
«0=0 s i
2000 f-------xc-eeee- A tets ST S EET R -
i i i o
: : : I
1500 - e T 1 =
. | : § Q.
x : A
| Q
L0 e S MELTS [ o A
: oy
| | | %
500 - e A 1<
Pp=0 |/
0 ; i 4 ;
0 0.02 0.04 0.06 0.08
Kp

Fig. 3. Evaluation of the stability region in the K,, - K; plane using L1 = 120 uH, L2 = 4.7mH,C1 = C2 =9 uF,R=8kQv; =
25V, Tg; = 400 V.

Hence, the synthesis of the PI compensator must provide a solution within this region for all

operational conditions in order to ensure stability.

B. Robust loop shaping design method with integral gain maximization (RLS-MIGO)

The controller design is based on the Nyquist diagram which can be used to relate a robustness
region with both the sensitivity function S(jw) and the complementary sensitivity function T (jw).

Hence, by defining My = sup|S(jw)| and M; = sup|T(jw)|, the closed loop system will be
w w

asymptotically stable if the Nyquist curve of the loop function L(s) is outside a circle whose

center ¢ and radius r are defined as illustrated in the two first rows in Table Il.
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TABLE I
CENTERS AND RADIUS OF THE CIRCULAR ROBUSTNESS

REGIONS FOR CONSTANT SENSITIVITIES [36]

Contour Center Radius
M 1 !
S MS
M,? M,?
M - 2 2
M M,2M, —1) =M, - M;+ M, — 1
st 2M (1 —M,) 2M,(1—M,)
2M? —2M +1 2M — 1
M=M,=M, -

2M(M —1)  2M(M —1)

By combining these constraints, the Nyquist curve of the function L(s) must be outside of the
circle defined by the characteristics in the fourth row of Table Il. Using this criterion, the values of
M, and M, are equal to the value M. Numerically, if the Nyquist curve of the loop function never
crosses the boundary defined by a value of M between 1.4 and 2, it is possible to assure immunity
against disturbances, nonlinearities and large parameter variations [38]. It is worth to mention that
the combined sensitivity criteria are derived from the relation between the robust loop shaping
method and the frequency weighting of the H, norm when equal values of M, and M, are
considered [35].

From the last definition, the design problem of the outer PI loop consists in computing K, and
K; with the constraint for the combined sensitivity M. Then, the robustness condition is given by

the following expression [36]

2 ,
(KP+MC> +L<Ki+Mca)> > r’ (25)
p(w) w?

where p(w) and ¢(w) are functions of the w representing the magnitude and phase of the

converter transfer function according to expression (26).
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G(w) = 7—= p(0)e?@) = p(w)[cos(p(w)) + jsin(p(w))] (26)

B(jw)

(w)

It is worth to note that the locus of the solution of equation (25) for fixed w is an ellipse, whose
parameters are also functions of w. Then, in a high-order system, such as the quadratic boost
converter, a space of infinite solutions is obtained, so that the choice of the controller parameters
results in an optimization problem. To solve it, an algorithm has been developed to find solutions
in the stability region initially determined by the Routh-Hurwitz test. The best solution is then
selected through the maximization of the integral component in the sense of the M-constrained
integral gain optimization method (RLS-MIGO) described in [38], since this criterion can be
interpreted as the minimization of the integral error against load disturbances. Then, the

corresponding optimization problem is expressed as

Max K;
K,, K; € Stability Region (Routh — Hurwitz test) (27)
such that (24) and (25)

To solve it, define w;,; as the frequency for which the Nyquist curve borders the boundary of
the robustness region. The idea is to vary w;,; in a defined range Rw;,; and for each value w;,;,
to the RLS-MIGO method. Among all the obtained couples (Kp,KL-), the solution which
maximizes the integral gain K; is retained. To summarize the following steps are implemented:

1) Select a value for M (generally 1.4 < M < 2) and compute the corresponding center ¢ and
radius r of the circular robustness region.

2) Define a discrete frequency range Rwjy; -

3) Use the Routh-Hurwitz stability test delimiting the stability region, and define a discrete range
for K,, say RK,, (See figure 5).

4) For each value w;,; € Rwip;:
- Compute p(wine) and @ (@nt).
- Compute K; sweeping K, into RK,, using (25) (An ellipse is generated).

5) Determine the admissible K, , K; region which corresponds to the intersection between the

domains outside all ellipses and the stability region (robust-stability region in figure 5).
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6) Among all the possible solutions, retain the stable solution which maximizes K; ( K; in

max
figure 5).

After applying the proposed method, stability and robustness have been delimited in the same
K, and K; plane giving a comprehensive approach for this complex control synthesis problem.
Note that after linearization the resulting transfer function has right half-plane zeros, this
increasing the complexity of the synthesis process. However, on the basis of the robustness
concept in the loop shaping method and the local stability of the Routh-Hurwitz test, it is possible

to ensure the stability of the controlled system.

C. Selection of the controller parameters

By closing the loop in the converter dynamics represented by (12) with the inclusion of the PlI
compensator, the resulting closed-loop controlled system can be modeled by the block diagram

shown in Fig. 4.

~ D)
UVl AG)
V. ~ ~
ref Pl 1B B Vo2
Compensator A(s) -
7 o0
10 M AG)

Fig. 4. Equivalent block diagram for the output voltage regulation loop considering a linearized model of the ideal sliding

dynamics.

The PI synthesis method is applied in a 100 W quadratic boost converter delivering a regulated
output voltage of 400 V for a nominal input voltage of 20 V. The passive parameters of the
converter are L1 = 120 uH, L2 = 4.7 mH, C1 = C2 = 9uF.

The RLS-MIGO method is applied taking values of w;,, between 39 and 304 Rad/s. For a
constant mixed sensitivity of 2, a radius r = 0.75 and a center c in the coordinate (-1.25, 0) have
been obtained. The converter transfer function has been evaluated for the nominal values of the

output power and input voltage.
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Fig. 5. Stability and robustness regions superimposed showing the solution which maximizes K; (K, = 0.0268 , K; = 13.3).

As shown in figure 5, RLS-MIGO method gives an admissible region in the K, - K; plane which

ensures stability and robustness. All solutions maximizing K; for different intersection frequencies
are related by the envelope generated by superposing the ellipse solutions. Table 11l shows some

of K,, and K; controller parameters related with its corresponding intersection frequencies w;,..

TABLE Il

Pl CONTROLLER PARAMETERS FOR DIFFERENT CHOICES OF Wiyt

Wint Ky K;
39 Rad/seg 0.0001 0.23
50 Rad/seg 0.001 0.37
90 Rad/seg 0.005 1.22
140 Rad/seg 0.01 291
179 Rad/seg 0.014 4.7
235 Rad/seg 0.020 8.2
283 Rad/seg 0.025 119

304 Rad/seg 0.0268 13.3
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Fig. 6 depicts the Nyquist diagram showing the curves of the L(s) function for the three values

of w;,¢. 1t can be observed that all curves accomplish the design constraint.

Imadginary axis

Ki=4.7

-6 -5 -4 -3 -2 -1 0
Real axis

Fig. 6. Nyquist curves showing the solution of the PI design problem for w;,; = 179, 235 and 304 Rad/s.

D. Parameter variation analysis
By replacing the polynomials A(s) and B(s), given by (13) and (14) respectively, in the input

current to output voltage transfer function (17), expression (27) is derived

KmZL153i L1 5 (2KmPL1+L2)_ 2
RC2 "L2C2 RL2C1C2 )° " k,,2L2c1C2
S3+(szcz+C1> 2 (ZKmZRZCZ+Km4L2+RZCl> 4

l
RC1C2 Km?R2L2C1C2

Gie(s) = 27)

"RL2C1C2
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Fig. 7. Equilibrium point loci for a constant input voltage and a variable output power.

Since the transfer function G;.(s) has been obtained from the linearization of the ideal sliding
dynamics, the numerator and denominator coefficients will have a clear dependence on the
equilibrium point coordinates as it can be observed in (27) by the presence of K,, and R in the
polynomial coefficients. Fig. 7 shows the root locus of G,.(s) for a constant input voltage of 15 V,
a regulated value of 400 V in the output voltage and values of output power changing from 20 to
100 W with steps of 10 W. It can be observed that the system poles hardly change whereas the
zeros undergo significant displacements. On the other hand, Fig. 8 shows the root locus of G;.(s)
for a constant output power of 100 W using input voltage values changing from 15 to 25 V with
steps of 2.5 V. It is worth pointing out that only two zeros are shown in figures 6 and 7 since the
third zero has always non-minimum phase and is too far from the origin.

An analysis in the overall operational range of the converter has been developed to illustrate the
performance of the RLS-MIGO solution versus the parameter variation. The solution for w;,; =
304 Rad/s has been selected, which corresponds to a K,, of 0.0268 and a K; of 13.3, since this

solution maximizes the integral gain in the selected frequency range.
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Fig. 8. Equilibrium point loci for a constant output power and variable input voltage.

Fig. 9 shows the Nyquist curves resulting of a test covering the overall operational range of both
input voltage and output power. The voltage range is covered by using 1 V steps and the output
power by employing 10 W steps. It can be observed that the Nyquist curves remain distant of the
critical point -1 for any condition. Also, the Nyquist curves for the worst cases penetrate into the
robustness region just until the limit of the contour defined by a combined sensitivity of 1.4, which
is also considered a picky parameter to deal with other uncertainties. Hence, it is possible to

conclude that the converter is stable showing robustness to parametric variation.
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Fig. 9. Robustness regions for M = 2 (Outer circle in red color) and M = 1.4 (inner circle in black color) related with Nyquist

curves for loop-gain transfer functions obtained with the Pl controller K, = 0.0268 and K; = 13.3 in the overall range of

parameter variation.

As shown in table 1V, the equilibrium values of the currents in the regulated converter depend

on both load and input voltage while the equilibrium value of capacitor voltage in C1 only

depends on the input voltage because of the constant value in the output voltage forced by the

regulation loop. Further, it is possible to observe the wide range of DC-gain which has been

explored in this application, which constitutes one of the important achievements in this work.

TABLE IV

DIFFERENT EQUILIBRIUM POINTS AND DERIVED PARAMETERS

COVERING THE OVERALL OPERATIONAL RANGE

Ve V) Vi (V) Kn  Kn® Va®) PW) I, 1,4 RW
20 1,33 0,26 8k

15 516 266 7746 50 333 0,64 3.2k

100 6,67 1,29 16k

20 1,00 0,22 8k

400 20 447 1998 8944 50 2,50 0,56 3.2k
100 5,00 1,12 16k

20 0,80 0.2 8k

25 4 16 100 50 2,00 05 32k

100 4,00 1,0 16k
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V. SIMULATION RESULTS

In this section, results of MATLAB- based simulation verifying analytical predictions are given.
Output load and input voltage disturbances are applied considering the operation of the converter

in an extreme equilibrium point of its working range.

A. Output power disturbance rejection

A perturbation in the output current is applied to evaluate the load disturbance rejection
capability of the control loop. Fig. 10 shows a zoom of the simulation results for a step
disturbance of 62.5 mA (25% of the nominal load) which is applied when the converter operates
in different equilibrium points. Note that the disturbance produces a transient deviation of the

output voltage below 5% which is totally rejected in less than 72 ms for the worst case.

430 T T T T T T I I I
5 5 - ' Po=100W, Vin=25Y
: : : : Po=100W, Vin=15Y
420k ......... ......... P°=20W,Vin=25V 1
: - : Po=20W, Vin=15V
- 410 ........................................ ......... e ......... .....................
3 Settling time: 0.072 s
z 400 — o
en ;
3]
= E 5 5 é 3 5
g 390HL - F ......... ......... ......... .......... ......... i
asof € ......... ............................. ......... ......... ......... .......... ......... i
Overshoot: 4.9% : ' : :
370 i i ! L i i i ! 1
0 001 002 003 004 005 006 007 008 009 0.1

Time (s)

Fig. 10. Transient responses to output power step disturbances in the extreme values of the converter operational range.

B. Input voltage disturbance rejection

An input voltage disturbance of step type of 5V is also applied to the converter. For an initial
value of 15 V in the input voltage the disturbance is considered positive, whereas in the cases with
an initial value of 25 V in the input voltage, the disturbance is considered negative. It can be seen
in Fig. 11 that the disturbances are rejected in approximately 62 ms showing a maximum transient

voltage deviation below 6% for all cases.
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Fig. 11. Transient response to input voltage step disturbances in the extreme values of the converter operational range.

C. Set-point change transient response

Fig. 12 shows the step response to a 60 V change applied in the voltage reference when the
converter is in steady-state with a regulated output voltage of 400 V. This change produces a
maximum deviation in the output voltage below 45% relative to the reference excitation, and a
settling time of approximately 72 ms for all cases. It is worth noting that once the effect of the set-

point change disappears the converter regulates again the output voltage at the new reference

value without error.
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480 Po=100W, Vin=15Y |
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Fig. 12. Transient response to a voltage reference step change in the extreme values of the converter operational range.
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These simulation results show that despite its high DC-gain, the converter is capable to reject
important disturbances in the input voltage and output load without significant deviations or poor
transient behavior. Note also that when the converter copes with important disturbances, the ratio
between the magnitude of the overshoot and the steady-state values of the output voltage is
significantly small. It is worth mentioning that a change in the value of the output voltage
reference leads to important over-shoots as shown in Fig. 12. Nonetheless, it has to be pointed out

that in a normal operation the value of the output voltage reference does not change.

VI. EXPERIMENTAL RESULTS

In order to obtain the experimental validation of the design, a quadratic boost converter
prototype has been implemented. The converter is designed to regulate 400 V for an input voltage
range from 15 to 25 V and an output load range from 20 to 100 W. The set of converter
parameters is the same used in sections IV and V (L1 = 120 uH, L2 = 4.7 mH and C1 = C2 =
9uH). Capacitors C1 and C2 are of film type CAATHBW4900A3LJ from KEMET with an ultra-
low series resistance (1.9 m€2) and capability to handle high voltages in switching applications.
The MOSFET APT94N60L2C3 with CoolMOS technology has been selected to implement the
switch S since it offers an ultra-low ON-resistance (0.035 Q) and an ultra-low gate charge (550
nC). Besides, SiC Schottky diodes have been used to reduce the switching losses due to the
absence of recovery charge. The silicon carbide Schottky diode C3D06060A from CREE has been
selected to implement D1 whereas the Schottky diode IDT16S60C from Infineon has been chosen
to implement diodes D2 and D3. A maximal efficiency of 92% has been obtained with this set of

components.
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Fig. 13. Experimental set-up and prototype of the quadratic boost converter

The set-up for measurements shown in Fig. 13 is composed of the oscilloscope MSO3014 from
Tektronix, the current probes TCP202 and TCPA300 from Tektronix, power supplies Rohde &
Schwartz NGSM 60/5 and Multimeteix XA3033, and multimeter HP34401A from Hewlett
Packard. Also, the frequency response meter 3120 from Venable Instruments has been used to
obtain experimentally the Nyquist curves. The schematic circuit diagram of the resulting controller
is shown in Fig. 14.
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Fig. 14. Detailed circuit implementation of the robust sliding-mode based two-loop controller.

Note that the sliding-mode control theory requires an ideal comparator for its implementation,
which implies an infinite switching frequency. However, from a practical point of view a hysteretic
comparator is needed because the power devices cannot switch at infinite frequency and the use of an
ideal comparator would lead to wrong decisions if some noise were added to any of its inputs.
Therefore, the sliding-mode controller has been implemented by means of a hysteresis comparator

based on a flip-flop circuit and two comparators. Thus, the control law (6) is finally implemented as

(1, when S(x) < =6
v {0, when S(x) > & (28)

Then, the hysteresis band has the limits i (t) + 6 and iz(t) — & where a value of 0.75 A has
been selected for § to constrain the switching frequency from 66 kHz to 130 kHz, which is

compatible with the best efficiency levels of the converter [12].
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The output voltage sensor employs a simple voltage divider while the input current sensor
uses the Hall-effect sensor CAS25-NP from LEM. A transistor- based circuit has been
implemented to drive the gate signal of the MOSFET. The switch Swl is used to apply a step
change of the reference for the output voltage whereas the resistance R_mes allows frequency
response measurement tests. Signal VC2_ref is the output of a soft-start circuit which provides a

steady-state reference value in less than 200 ms after start-up.

A. Output power disturbance rejection

Step disturbances of 62.5 mA (25% of the nominal load) have been applied to the converter
prototype. For an initial value of 20 W in the output power the disturbance is considered
positive, whereas in the cases with an initial value of 100 W in the output power, the disturbance
is considered negative. Note in Fig. 15 that the disturbance produces a maximum transient
deviation of the output voltage always below 5%, which is rejected in less than 40 ms in the

worst case. Note also that the output voltage returns to 400 V after a fast transient-state.

B. Input voltage disturbance rejection

Input voltage disturbances of step type of 5 V (25% of the nominal value) have been applied to
the converter prototype operating in extreme equilibrium points. For an initial value of 15 V in
the input voltage the disturbance is considered positive, whereas in the cases with an initial value
of 25 V in the input voltage, the disturbance is considered negative. It can be seen in Fig. 16 that
the disturbances are rejected in less than 40 ms with a maximum transient voltage deviation
below 3.5% in all cases. Note also that, after the transient state, the output voltage returns to 400

V showing a perfect tracking of the voltage reference.
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Fig. 15. Experimental waveforms for step disturbances on the output power with constant input voltage: a) 25 W —50 W — 25 W
disturbances operating with an input voltage of 18 V; b) 100 W — 75 W — 100 W disturbances operating with an input voltage of
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Fig. 16. Experimental waveforms for step disturbances on the input voltage with constant output load: a) 15V —-20 V — 15V
disturbances operating with an output load of 25 W; b) 15 V — 20 V — 15 V disturbances operating with an output load of 100 W;
¢) 25V - 20V - 25 V disturbances operating with an output load of 25 W; d) 25 V — 20 V — 25 V disturbances operating with an
output load of 100 W.



IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. X, NO. X 27

C. Set-point change transient response

Fig. 17 shows the response to a 60 V step change applied in the voltage reference when the
converter is in steady-state with a regulated output voltage of 400 V. This test has been applied
in two different equilibrium points. The excitation produces a deviation in the output voltage
below 45% with respect to the reference excitation and a settling time of approximately 70 ms
in both cases. It is worth pointing out that this result reveals the trade-off between the

robustness to external disturbances and the performance for set-point variations.
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Fig. 17. Step response of the voltage regulator for a change from an equilibrium point (Output voltage, Input Voltage, Output
Load) to another one by means of a change in the voltage reference: a) from (400 V, 25 V, 25 W) to (460 V, 25 V, 29 W) ; b)
from (400 V, 15V, 25 W) to (460 V, 15V, 30 W)

D. Frequency response

In order to verify the frequency response prediction of the analytical study, frequency
response measurements have been performed. Fig. 18 shows the experimental Nyquist curves
for different equilibrium points covering the overall operating range of the converter. It can be
observed that the Nyquist curves do not enter in the robustness region in any case. Slight
differences with the simulated case can be noted due to the influence of the operational
amplifiers bandwidth and the presence of parasitic elements in the circuit not considered in the

simulation.
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Fig. 18. Robustness regions for M = 2 compared with experimental results of the frequency response using a Pl controller with

K, = 0.0268 and K; = 13.3 cover the overall range of parameter variation.

VII. CONCLUSIONS

A complete description of a robust controller design obtaining output voltage regulation in a
high DC-gain quadratic boost converter involving a sliding-mode current loop has been
presented in this paper. The results show that this control scheme has a satisfactory performance
regulating the output voltage in its overall operational range of output power and input voltage.
The stability of the complete system has been treated as local by using the Routh-Hurwitz test
constraining a stability region in the K, - K; plane which has been subsequently used as a
reference to synthesize the Pl compensator using the RLS-MIGO method. The stability and
robustness of the overall system has been tackled by considering the possible variations in the
output load or in the input voltage as parametric uncertainty. Several MATLAB simulations have
been used to verify the theoretical approach and the converter expected performance when
coping with important disturbances in the uncertain parameters. Moreover, experimental results
using simple electronic circuits are in good agreement with the theoretical predictions and
simulation results. The experiments have validated not only the high DC-gain capability of the
quadratic boost converter operating with a hysteresis- based current controller but also the
regulator robustness , ensured by the application of the loop shaping method in the PI synthesis.
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It can be concluded that the RLS-MIGO method is compatible with the sliding-mode approach
providing an efficient solution to synthesize the proposed two-loop controller for a high-order
topology such as the quadratic boost converter. Future works with the same converter will be
devoted to the study of its possible discontinuous and critical conduction modes together with

the associated design of an appropriate controller.

APPENDIX

When I (t) is constant (inner loop), the ideal sliding dynamics in (9) can be rewritten as

di Ve’V
1o %tz _ Yoy — ﬂ c2
dt Vea Ve
dvey 12 Ve1
C1 = —i a.l
dt L2 Vey @1
d Vg Vpo L
RCZ C2 = —vg, + Cl_ C2 ‘L2

After some simple manipulations, (a.1) can be expressed as follows

dip, Vc1 v_c12 —
L2—— = (1 + - ) (Ve1 — Ver) — — (Vez2 — Vcz)

dt c1 c2 Vc1
dvey le
C1 =—(i;, — 1, Vog — U a.2
at (i —12) — Yer (Ve1 — Ver) (@2)
dve, V1 ch
RC2 = —(Vez — Vg2) + = (i —12) ——— (W1 — V1)
dt l2 Ve1 Vc1

Consider now the Lyapunov candidate function defined by

Vg
V(i ver1,ve2) = [LZ ﬁ (ip2 — le) +C1 (v_ + v—) (ve1 — Vc1) + —R C2(vey — Ucz) (@3)
c1 c1

Note thatV(i;,, v¢q, Vez) > 0,V (12, Ver, Vez) =0 , and that this function is well defined

because v-; > 0 (see condition in (7)). The time derivative of V is given by
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. Vez . dip,
V ’ )] [ — - L2 .
(iL2, Ve1, Ve2) Ter (i2 — 12) dt
Ve2 | Vez . 17 dvc
+ [<_ + _) (Ve1 = Ver) —5— (Um Vc1) ] 1 : (a.4)
Ve1 Ve 2v
12 dve;
— RC2
+ e (Ve2 — Ve2) at
Developing each term of the previous expression leads to
1V¢; i 175 Uy Uz
V(i2 ve1 ve2) = 2 0o (We1 — Ue1)? — 2 v (ve1 — Ve)?
(a.5)

Uz (Vez  Vcz U2
<— + ) (We1 — Ter)® — e (ch —Tg2)?

Vc1\Vc1 Vca

U2 _ .
T Wer — V1) ez — Vez)

c1
But, 7., >0,v. >0,7;;, >0 Dbecause of the nature of the power circuit, then,
Iz Vc1 Ve =—\2
B (Ve1 — Ve)? < 0. Therefore,
- 1V¢; i 2 (Ve2 | V2 U2
V(iL2 V1, Ve2) = 5——5 (Vo1 — Vg1)? — —( + ) (W1 = Ve)? — = ez — Ugz)?
2 ve® Uc1 \Vc1 Ve Vcz
(a.6)
U2 . .
——=We1 — V1) Wez — Vez)
Ve
1, - . _
If EILZ < 12 (|e 12 < ZILZ)’ then
. U2 Ve U2 U2 -
V(i ve1, Ve2) = — (o1 —Ve)? — =2 — U)* — — (Vc1 Vc1)(Vez — Vez) @)
Ve1Vct Vez VUc1
Expressing (a.7) in matrix form, namely,V = x'Qx, results in
0 0 0 ) o
) 0 LzP%z Uz b2 —l2
V(i ve1,ve2) = = [(2 —T2)  (We1 — V1) (Wez — Ve2)] veiTer  2vcr || Ver — Ve (a.8)
x! U2 2 Ver — v_CZ '
7 A a—
Q

2’ i1 1) . e o . —
IS positive, then Q = 0. This is true if 4vey > Vg,

T e R il
Vcz  4ver? Vel

vciVer Ve 4ver

. 1
I.e., VCl > ZVCI
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In conclusion, if the conditions i, <21, and Ve > Vel are satisfied, then

V(ip, Ver, Vo) < 0. Moreover, V(ip,, ey, Vo) =0 for ve, =V, andve, = Vg,, Which,
considering the above conditions, implies i, =1p,, i ; beingequal  to ;.
Then, V(i 5, Ve, Vez) = 0, only for the equilibrium point. Therefore, the system is

asymptotically stable by the LaSalle’s invariance principle [43]-[44].
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