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Abstract—Coupled-inductor buck-boost dc-dc switching con-
verter has emerged as an alternative to manage power in several
hybrid system architectures. This is due to features such as a
noninverting voltage step up and step down characteristic, high
efficiency, wide-bandwidth, and the possibility to regulate its
input or output currents as has been reported in previous works.
All of them are based on a small-signal linearized model around
an operating point. In this paper, a model predictive control
strategy is proposed in order to increase the operation point
domain. The proposal consists in the use of the mathematical
model of the system in discrete time to obtain the optimal
switching state to be applied in the converter, based on a cost
function optimization which simultaneously improves the current
tracking and reduces the converter power losses. Experimental
results validate the proposal demonstrating that this is a good
alternative for the control of this kind of power converters.

Index Terms—Model predictive control, digital control, nonin-
verting buck—boost converter, current control.

I. INTRODUCTION

During the last years, control techniques in power electronic
applications have been evolving in order to meet with most
demanding control goals due to the increased development of
more flexible and distributed power systems [1]. In the same
way, recent advances in digital processing systems through the
development of more powerful processors, has also allowed
the use of complex algorithms enabling the deployment of
sophisticated, accurate and robust control techniques, such as
non-linear techniques like fuzzy, adaptive, sliding mode and
predictive controls [1]-[9].
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Fig. 1. Schematic circuit diagram of the versatile buck—boost converter.

In order to fulfill with new control requirements flexible
and robustness non-linear strategies are commonly used to
improve the performance of power converters. One of the
most exploited is model predictive control (MPC), and more
specifically the finite control set (FCS) MPC which is widely
used in power converters for low, medium and high power
applications [10]. The fast growth of FCS-MPC is due to
its discrete nature, flexibility and capacity to include the
constraints and non-linearities of the power system [1], [11]-
[15]. Accordingly to its name, by means of the prediction of
the future behavior of the system, the main objective of MPC
is to select the most appropriate control action based on the
optimization of a cost function [9], [10], [16]. The resulting
control action is applied selecting one of the switches states
defined by the system.

So far, FCS-MPC has been commonly applied to three-
phase inverters [17]-[19], but although in less cases, its use in
dc—dc converters has been also explored [20]-[23]. In dc—dc
applications the use of non-linear techniques is driven by the
need to add robustness to the system against high disturbances.
Besides, solves stability issues minimizing the effect of high
non-linearities and non-minimum phase phenomena existing in
some step—up topologies [20], [23]-[25]. This is particularly
the case of the coupled—inductor buck—boost converter known
as versatile buck-boost converter [26] illustrated in Fig. 1.
The main advantage of this power converter is the great
versatility allowing its use in different places of hybrid power
systems [27]-[29] such as the serial hybrid (SH) topology, the
parallel hybrid (PH) topology and the series—parallel hybrid
(SPH) topology shown in Fig. 2. In general, its main features
can be listed as noninverting voltage step—up and step—down
characteristic, high efficiency, wide bandwidth [26], regulation
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Fig. 2. Hybrid power systems based on the versatile buck—boost converter and its voltage operation range in each terminal.

of input or output currents because of their low ripple values
[30], and the ability to change from input to output current
regulation loop for suddenly or smoothly demanded changes
[31].

Nevertheless, until now the controls developed for this
converter have been based on analog and digital PWM linear
controls. Consequently, a specific control design is needed for
each converter for the corresponding operating point depend-
ing on where is located in the system of Fig. 2. Besides,
linear control techniques hinder the practical implementation
of control loops that prevent specific constraints, such as dead—
zones presented in buck-boost converters which may cause
instability problems [32].

The main contributions of this paper are:

o The proposal of a model predictive control strategy for
the versatile buck—boost converter. This control is an
alternative to the well known linear controllers which
must operate close to an operating point where the
linearization was made.

e A high efficiency operation is reached due to the fact
that the converter shown in Fig. 1 only operates in boost
mode when (V; < V) or buck mode when (V, > V,).
This allows not only the reduction of the switching losses
but also the reduction of the possible switching states
which represents a smaller amount of calculations which
are very important to operate at high frequencies.

o With the proposed control a start-up algorithm and a
transition technique between the operation modes (boost
or buck) are not required.

o The proposed control strategy can be used by all the
converters of a hybrid power system which represents
a great simplicity of the whole system.

This paper is organized as follows: in Section II the equi-
librium states of the dc-dc coupled inductors buck—boost con-
verter is calculated. Section III presents a detailed description
of the most relevant aspects of the proposed control tech-
nique. Simulations and experimental results of both control
techniques are presented and discussed in Section IV. Finally,
the main conclusions and the remaining challenges for the

future are summarized in Section V.

II. DC-DC OPERATION MODE

A general analysis of the coupled inductors buck—boost
converter shown in Fig. 1 is presented in the Appendix. The
retained model of the converter is recalled here

dx(t)
dt
with A : R — Ag.

We can relax the control taking A : R — Apg and then
the obtained relaxed model is intimately related to the model
presented in the Appendix. For the case of a DC-DC operation
mode, the voltages V, and V{, are supposed constant and
v(t) =V = [V, Vo). Then, z. is an equilibrium of the relaxed
model if there exits A\, € Ar such that

= Aox(t) + Bo(x(t), v(t)A(t) ()

Aoxe + Bo(xe, V)/\e =0 2)
Then
To = —(Ag+Ae; A1 +F e, Aot Ao, A3+ e, Ay) ' BV, A\ € Ag
(3)

After some calculations and using the fact that A\, € Ag, the
set of equilibria (X.q = z. : Ae € AR) of the relaxed model
is defined as
[ - ()\62 + Ae4) R(/\EI ha )\62) V(Q] — ()\62 + A64) va 2
1 (Aes + Aey)” + R (Aey + Aey)
— ()‘61 + )\82) ()‘61 + )‘62) VS — (>‘62 + >‘e4)vg .
Ri(Mey +Aey)” + R2(Aey + Aey)
Ri(Mey + Xey)Vo+ R2 (Ney + Aen) Vg
Ri(Neg +Aes)” + Ra (Ae; + Aey)’
Ry (Ney + X)) Vo+ Ra (Aey + Aey) Vi
i Ri(Aey + Aes)® + Ra (Aey + Aey)’

C)
The two voltages V, and Vj are fixed, but they do not define
the buck or boost nature of the conversion operated by the
circuit. The buck or boost nature is completely determined by
the sense of the currents. For example, if 0 < V; < Vj and if
the current are positive, the circuit is a boost. But if the current
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are negative, the circuits is a buck. For the first case, the power
flows from V, to Vj and for the second one, from V; to V.
The converter is bi-directional and offers a great flexibility. We
can also note that Vj and V; can be simultaneously negative.
The mode of operation could be determined depending on the
context. Note that at equilibrium, a key parameter is the ratio
between currents iy and 7, denoted g, and i, , namely
Y (5)
g, )\62 + Ae 4 nr
Note also that at equilibrium, the voltages v¢ and v, are such
that vc, = vg, and the power balance equation becomes

—Ryi; — Ryio,” + Vyig, — Viio, =0 (6)
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Fig. 3. Currents equilibrium of (7).

After simple calculations, we can verify that each z, € X,
is a solution of the previous equation which can also be written

as
. Ve \’ _ Vo \?
(zge ﬁ) . <Zoe " 3R, ) EPTR
V. Ry 2 Vo Ry, 1\’ ' Vg
=2 14 T2 R
2R1 R2 v 2R2 R1 TL%, (7)

ny being positive, currents are positive or negative, and the
currents equilibrium belong to a portion of an ellipse shown
in Fig. 3.

It is also possible to deduce the relation between n; and
ny. We have

) R 1
?=1—%<R1+n§>: —®
I g 1 1+(R2+H%R1)%
0

We recover the fact that when Ry = R, = 0, the converter
is POPI (Power Output equal to Power Input) with ny = nj.
Analyzing the circuit behavior and the expression of v, and
vc,,» we can also deduce that vo, = ve, < max{V,,Vi}.
Indeed, we have

_ _ Rl ()\62 + )\64) VO + R2 ()\el + )\62) V;]

VCe = VCq, = 2 2

Rl ()\82 + )\64) + R2 (Ael + >\62)
Rl (Aez + )\64)2 % + RZ ()\61 + >\€2)2 ‘/g
vcy, < 2 2 (€
Rl (>\82 + )\64) + R2 ()\el + Aeg)
) [Ri (Ney + Aes)’ nv + Ra (Aey + Aey)’] Vi
Ce =

Ry (Aez + >\e4)2 + R ()‘51 + )‘62)2

Ro (Me; + Ay )?

Ry (A, +)\e4)2 + M Vo

= s (10)
Ri (Mey + Ay )2 4 Ro Moy + Aey)?

If ny > 1 then vg, = vg,, < WV and if ny < 1 then
ve, = Vo, < Vy. Note that if V and V, are negative, a
similar analysis leads to vc, = vg,, > min{V,, Vu}. It is
also possible to express the set of equilibrium states in terms
of parameters n; and ny introduced above. In such a case,
Xeg =A{xe: Ae € Ag, ny >0, ny > 0} and we obtain

2 ny ny
1-—)V, 1—-—)V,
S i nl) ol nI) Y (nmy PR+ Ra)
¢ n%Rl + Ry n%Rl + Ry (H%Rl + Rz)
Vg (TL[’IL\/Rl + RQ) Vg T
()‘61 + )‘62) ’ ()‘61 + )‘62) (n%Rl + RQ)

We can conclude that the flow of power in the converter
is completely determined by the values of ny, ny and the
signs of V and V,. To end with analysis of the possible
steady-states, remark that in the expressions (4), A., does not
appear explicitly. A., is associated with the converter mode
corresponding to u; = 1 and us = 0. Because the two
last components of equilibrium states are equal, the selection
of an equilibrium can be done, only fixing the first third
components and selecting appropriately A.,, Ae, and A.,. It
is possible to impose A, = 0 meaning that, in steady-state,
the control u; = 1 and uy = 0 will be discarded. We can
remark that in this mode, the capacitors C, Cy and resistor
R, are isolated and some care has to be taken to prevent
important variations of inductor currents which could destroy
some converter components. In practice, it is better to discard
this mode to prevent such problems.

From a practical point of view, the interest of the versatile
converter is its possibility to work as a buck or a boost
operation modes. Considering V, as the voltage of the power
source and Vj as the voltage of the power load, these two
operation modes are characterized by

i) For the buck mode, u; = 0 and u, commutes
ii) For the boost mode, ©; commutes and uy = 1

The resulting control problem consists of stabilizing the con-
verter around a specific steady states characterized by a vector
2. € Xcq. We are now in position to state precisely the MPC
control strategy.

III. FCS—-MPC FOR THE INPUT CURRENT OF THE
VERSATILE BUCK—BOOST CONVERTER

A. Proposed control scheme

In this section a detailed description of the FCS-MPC
to control the input current i, is presented. The interest of
controlling this variable is because a rectifier design based on
the versatile converter is a work in progress.

With the above set of equations and the measurement of the
converter state variables (i4. vy, VC, Vc,» 1o and v,) under a
constant sampling frequency Ty, it is possible to predict the
future behavior of the controlled variables in the next sampling
(one—sample horizon algorithm is considered) for the different
values of the control A ((k+ 1)) = Alk + 1]. Recall that
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the combination u; = 1 and us = 0 which corresponds to
A =10,0,1,0]"was discarded and then

1 0 0
Mk +11€Ac = 8 ; (1) : 8 (11)
0 0 1

Each possible value of A[k + 1] is associated to a switch
configuration (uy,us).

B. Cost function

The objective is to control the input current (i4) but con-
sidering an additional requirement which is the reduction of
power losses to ensure an efficient converter performance in
all the operation points. A way to attain this objective is to
solve at each step, the following optimization problem

g(A[k+1))

min

(12)
Alk+1]€Ac

where

2
9O [k + 1)) = Koy (iores b+ 1] =6, )+
Ty K] + iy [k

—1] 2
3 (13)

igref[k + 1] is the input current reference by the sampling
period k +1, i& - is the prediction of the input current for
the instant [k+ 1f when control A\[k+1] is applied, i, [k] is the
actual current measurement and ¢, [k — 1] is the last measure
of current. In this cost function for the input current error an
average value of three points is used with the aim of achieving
an average input current value close to the reference in each
sampling. In this cost function, if))A - is the prediction of the
output current for the instant [k + 1] when control A[k + 1] is
applied, and ... f[k + 1] the output current reference by the
sampling period k + 1 which can be calculated from (6) to
reduce the converter power losses in the damping resistor R.

K, (igref [k+1] — s

Vo [K]
2Ro

ioref[k+1] = |:(1+(Ug[k'}R1 igref[k+1})'

4 Ry igreglk + 1])5 - 11

v3[K]
(14)

K;, and K;, are the weighting factors to adjust the currents
reference tracking ig,.y and ¢, respectively. These factors
were tuned by means of several simulations of the versatile
buck-boost converter under the buck and boost operation
modes with the goal of reducing the tracking error of the
input and output currents. The selected criteria used to measure
the error between the converter currents (4 and i) and their
respective references (igrcs and io.cr) for specific weighting
factors (K, and K;,) was the mean absolute percentage error
(MAPE), which is defined as

100% lrefoe — iz

lrefax

MAPE (i) =

; (15)

t=1

where (irery—is) is the error between the simulated current
(i5;) and its respective reference (i), and n is the number of
steps of the simulation. For the selection of the weighting
factors, a known value for K; = 10 was assumed. After this,
different simulations were performed in both boost and buck
modes and its respective MAPE was calculated for each value
of K, as shown in Fig. 4. The simulation for the selection of
the weighting factors includes starting and reference changes
of the current. From Fig. 4, it is evident that the minimum

MAPE is obtained with a K;, = 0.1.
F\[-\Pl‘ (i)louck  EMAPE (io)lpuck  UMAPE (ig)lboost  BMAPE (i0)lboost
150
X
= 100
=9}
<
=
= 50
0
01 02 03 04 05 06 07 08 09 1

Ki,

Fig. 4. Total MAPE of current reference tracking for K, = 10 as function
of the K,

C. Prediction model

The predicted values for the currents ¥ and
Ak+ Alk+1]

are obtained by discretizing the model (A.11) by Euler method
leading to the discrete-time model

[k +1] = (I + T - Ao)z[k] + T - Bo([k], v[k]) A[k] (16)

where [ is the identity matrix of appropriate dimensions.

D. Algorithm description

Fig. 5 shows the time diagram of the execution of the
FCS-MPC algorithm proposed by the versatile buck—boost
converter. The FCS-MPC algorithm has the following basic
steps:

o Measure the converter signals (i4[k]. vy[k], va(k], ve, [k,
io[k] and v, [k]) and the desired reference value (s [k -+
1]) in the sampling period k + 1.

o Apply the optimal switching state A,p:[k] which was
computed in the previous sampling period (k — 1)75.

o For each A\[k + 1] € A¢, the mathematical model allows
to predict the behavior of the converter S Variable in the

next sampling interval (lgwcﬂ] and

Ox o] ) using model (16).

o Evaluate the cost function g(A[k+1]) for each A[k+1] €
Ac.

« Select the control A\[k+1] that minimizes the cost function
gk +1)).

o Store Aop:[k + 1] which will be applied to the converter
in the next sampling period k + 1.

C,\[k+1 Cdk[kJrl]
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Fig. 5. Time diagram of the execution of the FCS-MPC algorithm.

Fig. 6. Experimental configuration for testing the proposed digital current
controllers: (a) buck—boost converter, (b) digital signal controller, (c) input dc
power supply, (d) output dc power supply, (e) dc electronic load in constant
voltage mode, (f) oscilloscope, (g) arbitrary waveform generator to program
the analog interface of the input dc power supply, (h) auxiliary power supply
for DSC, converter current and voltage sensors and MOSFET Drivers, (i)
voltage differential probes, (j) power supply for current probe, (k) laptop for
programming the DSC, (1) emergency stop button, (m) acrylic case for testing
circuits.

IV. SIMULATION AND EXPERIMENTAL RESULTS

This section discusses the performance of the input current
control based on the FCS-MPC (see block diagram of Fig. 5),
presented in the previous section in the experimental setup
shown in Fig. 6. A prototype of a synchronous noninverting
buck—boost converter was built for testing purposes. Its power
circuit components are listed in Table I. The converter’s control
was implemented into a Texas Instruments’ TMS320F28335
digital signal controller (DSC) with a 150 MHz clock fre-
quency, a 32-bit CPU, 12-bit ADC and a sampling frequency
of 200 kHz that allows a maximum calculation time of 5 us
before the next sampling. The proposed model predictive
control strategy reaches a computational burden around 5 us
which is approximately half of the available time. Even though
the formulation of the proposed control strategy was done in
k + 1, the real implementation in a digital system considers
delay compensation using estimated values for k£ 4+ 1 and
predictions in k + 2 [33].

Figs. 7 and 8 show simulated and experimental responses

(k+ 1)'/;'

TABLE I
COMPONENTS OF THE TESTED NON-INVERTING BUCK-BOOST CONVERTER

Component  Description Type
Q1 to Qu Power MOSFETs IRFB4510PBF
L SMD Flat Wire 74435584700, Wurth Elektronik
Inductor Inductance: 47 pH +20%
DC Resistance: 19.2 m +£10%
C Ceramic Capacitor CKG57NX7R2A106M500JH, TDK
X7R dielectric 2 x 10 puF +20%
Ry Damping Resistor 0.5 Q +£0.5%, 1 W, Vishay
WSL2512R5000FEA
Cyq Aluminum Electrolytic 100 uF £+20%, Panasonic
Capacitor EEEFK2A101AM
L, WE-CFWI Coupled 74485540290, Wurth Elektronik

Flatwire Inductor

Inductance:

Ly=Lo=4 x 2.9 pH £20%

Turns ratio: 1 : 1

DC Resistance:

Rpci1=Rpca=4 x 5.6 mQ £10%

of the converter to reference current i,.¢ variation during
operation in both boost and buck modes. For each operating
mode, the current reference has been changed from 3 A
to 6 A and back to 3 A. In all cases, the input current
1g is well regulated and the transient deviations from the
reference are within the desired boundaries with both buck
and boost operation modes. It can be observed in Figs. 7 and
8 that the controlled current adequately follows the current
reference at all times from the steady—state to the changes
in the current reference. In addition, the current reference
changes are achieved in a fast manner and without overshoot.
Figs. 7(a) and 7(c) have an equivalent switching frequency of
37.20 kHz and 35.71 kHz, respectively. And Fig. 8(a) has an
equivalent switching frequency of 34.55 kHz while Fig. 8(c)
has a frequency of 35.48 kHz.

Fig. 9 shows the FCS-MPC during the controller start-up in
each operation modes (buck and boost) for two different values
of irer (3 A and 6 A). From this figure, it can be concluded that
the control starts up in a smooth way and without overshoots
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Fig. 7. Simulated (a), (c), (e), (g) and experimental (b), (d), (f), (h) responses of the input current control based on a FCS-MPC strategy when the reference
iref: (a,b) is equal to 3 A, (c,d) is equal to 6 A, (e,f) changes from 3 A to 6 A, and (g,h) from 6 A to 3 A. The converter is operating in buck mode
(Vg =24V and V, = 12 V). CHI: 34 (2.5 A/div), CH2: i, (10 A/div), CH3: V, (15 V/div), CH4: V, (15 V/div) and a time base of 100 us.

or specific start up codes. The time required to reach the
reference with zero initial conditions is around 30 us in both
operation modes (buck and boost). The PSIM simulation and
the experimental results are in good agreement as can be seen
in all the presented experimental results. The behavior of the
input current i, during these demanding variations confirms
the good performance of the proposed digital controller.

The experimental response of the buck—boost regulator to
a low-frequency triangular input voltage going from 14.5 V
to 21.5 V is depicted in Fig. 10 where the waveform of the
input voltage V;, output voltage V,, input current 74, and
output current could be compared with their corresponding
simulation. In this experiment the output voltage V, is 18.0 V

which corresponds with the average value of the input voltage
to ensure an operation in boost and buck modes. It is important
to note that no transition technique between the operation
modes (boost or buck) is being used in the current control
proposed in this article. However, the input current i, is well
regulated (i, = 6 A) and exhibits a smooth behavior in
all the transitions between modes. These good results are due
to the use of the same controller in all the operation modes
and the fact that during the transition there are no extreme
cycles because the control technique is of variable frequency.
Finally, a comparison between the model predictive control
approach with a conventional linear method is addressed in
this section. The linear current loop compensator G.(s) is
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(h)

Simulated (a), (c), (e), (g) and experimental (b), (d), (), (h) responses of the input current control based on a FCS-MPC strategy when the reference

iref: (a,b) is equal to 3 A, (c,d) is equal to 6 A, (e,f) changes from 3 A to 6 A, and (g,h) from 6 A to 3 A. The converter is operating in boost mode
(Vg =12V and V, = 24 V). CHI: i4 (2.5 A/div), CH2: i, (5 A/div), CH3: V, (15 V/div), CH3: V, (15 V/div) and a time base of 100 us.

designed using a lag network with a high frequency pole as
proposed in [34]. On the one hand, there are different reported
criteria to place the high frequency pole, for example in [35]
it is recommend to place it between one-third and one-half
of the switching frequency to attenuate switching noise while
in [36] it is suggested to place this pole above half of the
switching frequency. The intersection of both criteria results
in a pole at half of the switching frequency. On the other
hand, the low frequency pole of the compensator has been
placed at the origin which allows to eliminate the steady-state
error [37]. In [36], it is recommended to place the zero at least
one decade below half the switching frequency. Therefore, the
zero was placed at a tenth of the high frequency pole and the

compensator gain was adjusted through different simulations
to ensure wide bandwidth and a minimum phase margin of
45°. For a fair comparison purposes between both control
strategies is selecting a switching frequency of 50 kHz for
the design of the second order compensator transfer function,
this is

(r28 +1)
s(ms+1)

where the compensator parameters have been selected as fol-
lows: 71 = 3.18 s, 72 = 66 s, and K = 1500 (sA)"'. A
bilinear transformation is used to estimate the transformation
from continuous to discrete of the compensator (17), which
results in the following discrete-time transfer function

Gels) = (17)
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Fig. 9.

Experimental results of converter start-up. In: (a) buck mode i, equal to 3 A, (b) buck mode i, equal to 6 A, (c) boost mode i,y equal to

3 A, and (d) boost mode iy ¢ equal to 6 A. CHI: iy (2.5 A/div), CH2: i, (5/10 A/div), CH3: V;; (15 V/div), CH4: V, (15 V/div) and a time base of 100 us.
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Fig. 10. Simulated (a) and Experimental (b) results of transition between
buck and boost operating modes. In this experiment Vy is 5 Hz triangular
wave going from 14.5 Vt0 21.5 V, V, = 18 V, and i,y equal to 6 A. CH1:
ig (5 A/div), CH2: i, (10 A/div), CH3: Vy (3 V/div), CH4: V, (3 V/div) and
a time base of 20 ms.

- 0.086492% + 0.02276z — 0.06373
N 22 —0.4825z — 0.5175

Ge(2) (18)

Once the digital control based on a linear technique and

operating at a frequency equivalent to that of the MPC has
been designed, it is time to compare both techniques. Fig. 11
shows a simulation comparison between both digital control
strategies which includes a start-up at 1 ms and a current
reference change from 6 A to 3 A at 2 ms. In boost mode, the
PI based control has a i, maximum current (Ipqr) during the
start-up of 8.55 A while the FSC-MPC has a I, of 6.76 A
as shown in Fig. 11. In buck mode, the I}, corresponds
to 19.33 A for the PI control while for the FSC-MPC has a
value of 7.08 A. This high starting current in the PI control can
be dangerous for converter components and explains the need
to use a start-up algorithm. Therefore, during the converter
start-up the proposed FSC-MPC strategy presents a superior
behavior than a linear technique as it does not require startup
algorithms since it can operate in a wide range of operating
points. Besides, the time elapsed from the control start-up
until the current (i4) reaches the average value of the current
reference (¢4 ¢) named ¢, is much less in the FSC-MPC than
in the PI control for both modes (boost and buck). In the case
of the buck mode, ¢, is of 0.32 ms with a PI control while
with the FSC-MPC strategy a time of 0.08 ms is reached.
And in the case of the boost mode, t, is of 0.22 ms and 0.06
ms for the PI control and the FSC-MPC strategy respectively.
Therefore, the proposed FSC-MPC technique exhibits much
faster behavior than its linear counterpart. This is also evident
when t,..; is calculated. This time corresponds to the time
elapsed since a current reference change (in 2 ms) until i,
reaches the average value of the current. In buck mode %,y is
equal to 0.16 ms and 0.05 ms for the PI strategy and the FSC-
MPC respectively. Finally, in the case of a boost mode ¢, is
equal to 0.22 ms and 0.06 ms for the PI control and FSC-MPC
respectively. Therefore, the MPC strategy was superior with
the lower current peaks during the start-up and the faster time
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to reach the reference during the start-up and current reference
changes in comparison with the linear proposed control as
shown in Fig. 11.

PI based control MPC based control

b | '.A of v"

tsu= 0.32 ms lget —
tref= 0.16 ms
Ipeak = 19.33 A

tsu= 0.08 ms
fref= ms
Ipeak = 7.08 A

Current [A]

Buck Mode

g1 TR

pa e LU U U oL

Current [A]

Boost Mode

MAPE (i,) %]
& ;

.
250 1 1.5 2 2.5
Time [ms|

15 2
Time [ms]

Fig. 11. Comparison of a PI based and the proposed MPC strategies operating
in boost and buck mode.

Finally, a sensitivity analysis is performed to study the
impact of the parameter detuning in the proposed FSC-MPC
strategy. According to the Table I the inductor L has a induc-
tance of 47 yH with a tolerance of +20%, the coupled inductor
L,, has a inductance of 11.6 pH with a tolerance of +20%,
the capacitor C' has a capacitance of 20 uF with a tolerance of
+20%, the damping capacitor C; has a capacitance of 100 uF
with a tolerance of +20%, and the damping resistor R, has a
resistance of 0.5 © with a tolerance of +0.5%. To reproduce
the parameter detuning, parameters in the predictive model
(L, L,,,, C, Cq and R,) are varied one at a time according to
the tolerance, in order to investigate the individual effect of
each parameter in the performance of the M APE(ig4). This
measure corresponds to the mean absolute percentage error
between the input current i, and its respective reference ¢ g, .
Therefore, a sensitivity analysis of each converter parameter
operating in boost mode (V; = 12 V and V,, = 24 V) and buck
mode (V, = 24 V and V,, = 12 V) both with a ¢g,.c; =6 A is
shown in Fig. 12. From the obtained results it can be stated
that L has a significant impact in the input current tracking
error when the inductance tolerance has values around +20%.
However, even in the worst case the M APE(i,) has a small
variation of 3.6% in buck mode and 4.0% in boost mode. On
the other hand, it is evident that the detuning of the other
variables of the converter (L,,, C, Cq and R;) do not have
a relevant effect on the M APFE(iy) as shown in Fig. 12.
Another sensitivity analysis corresponds to the output current
reference ¢,y used in the cost function (13) and presented in
(14). According to (14), this current reference depends on the
converter parameters R; and R,. In this case, R; and Ry are
simultaneously varied with a tolerance of +£10% with respect
to their nominal values (R = 41.6m{2 and Ry = 22.4m{2).
Surface plots shown in Fig. 13 represent the M APE(i,) error
in the considered operating points which corresponds to a
boost mode (V, = 12 V and V, = 24 V) and buck mode
(Vg =24 Vand V, = 12 V) both with a 44,y =6 A. It can

be concluded from the obtained results that R, and Ry has
not a significant impact in the current control performance.
This behaviour can be explained by the small values of these
equivalent resistances and by the fact that K;, >> Kj, in (13).

—€— Boost mode —@— Buck mode

MAPE
pS \
Qe

-10% 100 +10% +20%
Ca[uF)

0.5
Rq [0

Fig. 12. Sensitivity analysis of the converter parameters (L, L,,, C, Cy and
Rg) operating in boost mode (Vg = 12 V and V, = 24 V) and buck mode
(Vg =24V and V, = 12 V) both with a ig,..; =6 A.
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Fig. 13. Sensitivity analysis for simultaneous R1 and Ro variation for: (a)
buck mode (V4 = 24 V and V,, = 12 V), (b) boost mode (V4 = 12 V and
Vo =124 V).

V. CONCLUSION

In this paper, a FCS-MPC is used to regulate the input
current of the versatile buck-boost converter in an extended
operation range. Cost function includes voltage and currents
measurements and weighting factors set to control the dynamic
response. In each iteration, valid states of a switching table are
evaluated, according to operation in buck or boost mode. The
controller selects the state that minimizes the cost function
which will be applied at the end of the next sampling period.
Tests in buck, boost and buck-boost modes with different
operation points show that proposed nonlinear control enhance
the converter’s performance in comparison with the results
of linear control strategies. In addition, a sensitivity analysis
shows that the current control performance has a relative
dependency with the estimate of the input inductor L while
the other converter components detuning does not have a
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considerable effect on the control. Main features of FCS-MPC
are low computational cost, high accuracy current tracking
and smooth transitions between buck and boost modes. This
control strategy is recommended for other dc-dc converters due
to its simplicity and performance. Future works will make an
experimental verification of the versatile buck-boost converter
with the proposed controller in a single-phase rectifier appli-
cation.

APPENDIX
VERSATILE BUCK-B0OOST CONVERTER MODEL

Let us consider the bidirectional buck—boost converter with
magnetic coupling between the input and output inductors, RC
type damping network, and coupled inductors turns ratio 1:1
shown in Fig. 1. In this section are presented different models
with the goal of studying their set of equilibria and the natural
constraint on the converter internal variables. Applying the
fundamental Kirchhoff laws to the converter shown in Fig. 1,
we obtain

Vo(t) + Raig(t) + L diLC};(t) —ug(t)ve(t) =0
~(igl0) + 2, O ua(t) — L (100
dv.(t)
=
welt) v, (0) _ , dvealt)
Ry ” dtt
Volt) ~ Buig(®) ~ L7 ) — (1w 0)(t) = 0
V(1) + us(t)oelt) — Raio(t) = uy(1)

(A.1)
where (uy(t),us(t)) € {0,1}%
Remarking that ig = iy +ir,,, we have

dz‘git) = L(V,(t) = Ruig(t) — (1 — ua (t))ve(t) — Vo(t)
)

Fuz(t)ve(t) — Raio(t)
(

+LL —Vo(t) — Raio(t) + ua(t)ve(t))

(A2)
If we define the state vector as xz(t) =
[ig(t),i0(t), vo(t), v, (1)) and the vector w(t)
[Vg(t),Vo(t)]T, we have the model (A.3). It can also

be written as

dx(t)
dt

(Ap + Auyur(t) + Ayyus(t)) z(t) + Bu(t)
(Ao + Au, (tyus(ry) x(t) + Bo(t) (A4)

with Aul(t)uz(t) = Aulul(t) + AU2UQ(t), (ul(t),UQ(t)) €
{0,1}* and

T L 7 0

_B Ry Ry 1 0
L L Lo, L

Ag = 1 1 1 (A.5)
— 0 —
C R.C R,C
1 1
0 0 —
L RdCd RdCd .

] LA
0 0 = 0
L
1
0 0 = 0
A= L (A.6)
—— 0 0 0
C
0 0 0
1
0 0 I 0
1 1
0 0 —+-— 0
Ay, = : L Ln (A7)
0 e 0 0
0 0 0 0
L L
L L
11 1
B=|T "I L. (A%)
0 0
0 0

We can write Ay, (¢)u,(s) as

(1 —u () (1 —ua(t))Ago + i (t)uz(t) A1
—+uq (t)(l — Ug(t))Alo =+ (1 — U (t))UQ(t)A(n

Au(Dus(t) =

with
Ag £ A1 =0, Agp & A = Ay,, Ao 2 Az = Ay,
and A3 2 Ay = Ay, + Ay, (A9)

u1(t) and ws(t) are the control variables. We introduce the
functions A;(t), ¢ = 1,---,4 associated with, respectively,
matrices A;, i =1,---,4 and defined by

A(t) = (1 —ua () (1 = ua(t), Aa(t) = (1 — s (t))ua(t),
)\3(15) = U1 (t)(l — UQ(t)) and )\4(t> = ul(t)ug(t)
We have

4
Z)\i(t) = (1w (t)+ui(?))(I—ua(t)+uz(t)) =1 (A.10)

Then model (A.4) can also be written
dx(t)

S = Aga(t) + Boe(t), o()A) (A1)
where Ay is defined above and
Bo(z(t),v(t)) = [A12(t) + Bo(t), Asx(t) + Bu(t) (A.12)

Asx(t) + Bu(t), Agx(t) + Bo(t)]

with A : R — Ag, Ag = {0 e {01} : L 0, = 1}. Note
that now A(¢) is the control vector. Associated with the previ-
ous model, a model called “relaxed” or “embedded” is intro-
duced. The difference with model (A.11) is that for the relaxed
model A : R — Ag, Ag = {ha el0,1': L 0 = 1}.
The interest of such a model is that for arbitrary close initial
conditions, the solution of initial value problems for model
(A.11) is dense in the solution set of initial value problems of
the relaxed model for an appropriate topology (C° Whitney
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topology on infinite intervals [0, 00)), see [38] for details. This
connection can also be examined by studying the nature of
solutions of initial values problems of model (A.11) (see [39]
or [40] for details). This connection has important practical
implications, among the most important: it is possible to
approximate trajectories of the relaxed model (non switching
model) by trajectories of switching model (A.11). In particular,
if a set of equilibria exists for the relaxed model, each of
them can be approximated by an appropriate switching control
law A : R — Ag applied to (A.11). This last remark
motivates the interest for a study of the nature and the complete
characterization of a set of equilibria of the relaxed model.
One of the main interest of the converter under study is its
versatility. But the counterpart of such a flexibility is a certain
difficulty for the determination of the control laws associated
with each operation mode.

In order to easily analyze in some cases the converter opera-
tion, another model deduced from (A.11) can be derived. it is
obtained by introducing a new state vector

& = [ig(t),io(t) — ig (), velt), ve, (£)]

which leads to the model (Model 2) presented in (A.13).This
model can also be written as

dz(t)

dt

= (@ + Ay, ua(t) + @uQ(t)) x(t) + Bu(t)

= <@ + Aul(t)ug(t)) z(t) + Bo(t)
(A.14)

with Ay, (tyus(t) = Auy a (t) + Ay ua(t), (ui(t), ua(t)) €
{0,1}* and

r R1 R> _ &

1
T 1 "1 L 0
@: 177L m 1 1 (A.IS)

— 0 —

C R4C R.C
1 1

0 0 —

L RdCd RdC(i .
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This last model can be used to easily deduced the power
balance for the converter. It is obtained multiplying on the
left the dynamical equation by

Ligt)  Lm(io(t) = i(t)) Cuelt) Cavo, () |
leading to

Li, (1) di;it)

Loy (1)

dio(t)
dt
+ Limig(t)

dt
dvc, (t
+Cave, (t)(jli‘z()

(ve(t) — ve, ()°
Ry

+ Lo (t)
dio(t)

dig(t)
dt

— Lyio(t)

dig(t) dv(t)
dt + Cel?) dt

= —Ryig(t)* — Raio(t)* —

+ Vo (t)ig(t) — Vo(t)io(t) (A.19)

The previous balance equation is always satisfied and can be
seen as a natural constraint on the converter internal variables.
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