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Abstract—DC-DC Floating Interleaved Boost Converter (FIBC)
is recently introduced for converting low-level voltage generated
by a renewable energy source to high-level voltage required for
AC inverters. Although a desired voltage is expected at the output,
designing a proper voltage gain for FIBC is challenging due to
different types of uncertainties. For instance, the voltage generated
by the energy source and, therefore, the input voltage of FIBC may
change by a variety of parameters including external load. Further-
more, parametric uncertainty and measurement noise are other
sources which can affect the control procedure. As a result, voltage
gain for a fixed switching duty cycle may be uncertain. It demands
a robust approach to guarantee the control performance under
uncertainties without the need for individually tuning controller
for each single converter. In this work, a robust model predictive
control is employed to regulate the output voltage at the desired
level despite the existing uncertainties. Controller parameters are
fixed for any FIBC within the uncertainty range and further tuning
is not required for individual converters. In addition, unlike the
conventional controllers, the suggested controller is able to handle
input-output constraints. Performance of the suggested controller
is investigated through simulations carried out in MATLAB and
the superiority of the proposed approach is verified over non-robust
model predictive framework.

Index Terms—Approximate convex hull, floating interleaved
boost converter, low computational complexity, measurement
uncertainty, model uncertainty, robust model predictive control.

I. INTRODUCTION

R ENEWABLE and sustainable energy sources such as pho-
tovoltaic (PV) cells commonly produce an unregulated

low-level DC voltage. In order to convert the produced power
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to a proper AC voltage compatible with the grid, a regulated
high-level DC voltage is required. A DC voltage in the range of
400 V is desired to feed an AC single-phase 220 V inverter
or three-phase 120 V. Although theoretically connecting PV
modules in series increases the output voltage, failure of one
module causes a disconnection of the whole string and, therefore,
this configuration is not reliable. To this end, PV cells are
commonly connected in parallel to increase the current, and then
a DC-DC boost converter is used to increase the voltage [1]–[5].

Floating Interleaved Boost Converter (FIBC) is a recently
developed power electronic interface which has been proposed
for low voltage renewable energy resources such as fuel cells and
hybrid electric vehicles [6], [7]. This converter consists of two
conventional boost converters that are connected in series [1]
to increase the obtainable voltage gain while the output voltage
ripples are reduced. As a result, FIBC has more components
than conventional boost converters. However, it is preferred
over conventional converters due to higher efficiency, higher
voltage gain, less input ripple, lower voltage and current ratings
for switches and diodes, lower switching stress, smaller induc-
tors and capacitors, and lower losses and voltage drop through
inductive components [8], [9].

Given a fixed input voltage, the duty cycle of boost converter
as the design parameter is selected so that the required voltage
gain is achieved. Unfortunately, the input voltage of a boost
converter varies in practice. For instance in PV cells, although
the Open Circuit Voltage (VOC) may remain almost constant as
long as there is sufficient irradiance light, the output voltage of
the PV cell drops when the PV is connected to external loads.
This decrement in the voltage of the PV cell is caused by power
losses within the cells structure as well as the metallic conductors
deposited on the cells surface. Temperature is another factor that
also affects the PV cell output voltage. There are different studies
on effect of temperature and sun irradiation on PV parameters
(for instance see [10]). The output voltage varies about 5%
for every 25 ◦C change in the cell temperature. Therefore, the
input voltage of boost converter depends on the sun irradiation
condition, temperature, external loads, etc. and consequently,
it is uncertain. As a result, choosing the right voltage gain for
the boost converter is challenging. In order to compensate any
error between the output voltage and its desired, a controller is
further used to adjust the converter gain by manipulating the duty
cycle.
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In literature, control of FIBC has been studied using
Proportional-Integral (PI) [1], type III [8], nonlinear adap-
tive [11], sliding mode [12], [13] and loop shaping [14] controls.
Although all of these methods have their own advantages and
are reliable in assumed circumstances, they face some major
challenges. First, none of these controllers are able to handle
input-output constraints. Even for simple cases that input/output
are required to be bounded, another device should be used to
saturate them which beside requiring another element, it may
result in poor performance. Secondly, these controllers are not
robust against model uncertainties. It is simply assumed that the
model parameters are given (and usually there is no noise associ-
ated with the measurements). However practically, manufacturer
produces a number of a product which are not necessarily the
same and may vary from a unit to another. Physical elements
of FIBC, e.g. resistors, capacitors, and inductors, may signifi-
cantly deviate from their nominal values. Therefore, the system
response may differ from its nominal and will be uncertain. Since
individually designing and tuning the controller parameters for
each unit is not practical, the controller is commonly designed
for the nominal parameters with the price of ignoring uncer-
tainty. Authors in [15], [16] investigate the performance of a
sliding mode controller in presence of parametric uncertainty
and disturbance. An observer is used to potentially account for
the bias generated by parameters uncertainty. However, handling
input/output constraints using future insights is not applicable
to be accounted for in any classic control approach including the
sliding mode control.

Nowadays, Model Predictive Control (MPC) is widely
adopted in industry as an effective means to deal with non-
linear multi-variable constrained control problems. This type
of controller employs an explicit model of the plant to predict
the system output trajectory in future for the taken actions
(inputs). Knowledge of the future is extremely helpful for solv-
ing problems on-line and having a better tracking performance
in presence of probable disturbances. MPC is also able to
handle input-output constraints unlike conventional controllers.
Although this approach has been used to control boost converters
(for instance see [17]–[19]), and load variations and input volt-
age disturbances (for a 2-phase converter configuration) have
been considered [18], [19], model uncertainty is not taken into
account.

In the presence of parametric and measurement uncertainties,
for any input sequence, a range of output is expected instead
of a single output trajectory. In robust approach, control objec-
tives and physical constraints must be met for all uncertainty
realizations or equivalently for the bounds on possible output
trajectories. In this case, a single model is not a faithful repre-
sentation of reality. Therefore, in Robust MPC (RMPC), a set
of models called model set is employed instead of one model in
which the constraints are checked at and satisfied for every model
in the model set. Finding a proper model set which captures
the uncertainty and provides the bounds on all possible output
trajectories may be challenging.

Thus far, different approaches have been suggested for RMPC
(see [20]–[27]). Campo and Morari [20] and later Allwright and
Papavasiliou [21] utilized the impulse response description to

Fig. 1. Mapping the parameters set Θ to the prediction mapping S.

find an appropriate model set and presented their algorithms
to solve the robust problem under conditions that the impulse
response is affine in the uncertain parameters. In this case,
control constraints are only required to be checked at the extreme
points of parameter box. Unfortunately, the impulse response is
rarely affine in the model parameters and this assumption is
limiting as this is the case for the FIBC model. In order to tackle
this problem, Campi [24], [28] introduced scenario approach.
In scenario approach, for any arbitrary system with general
dependence of impulse response on parameters, the model set
is obtained by randomly sampling the parameter set. However,
the number of required samples is still considerably high and
many of them are redundant which imposes a high computational
complexity for online computation.

A recent work [29]–[31], introduces a new approach to capture
the uncertainty for RMPC by reducing the samples of scenario
approach and hence reducing the computational complexity of
RMPC. This approach that has been proven in fuel cell control in
presence of high parametric uncertainty [32], maps the scenario
approach sample setΘ toS = S(Θ) using a so-called prediction
mappingS where extreme points of the convex hull ofS provide
a bound on all possible output trajectories of Θ and the rest of
the samples are redundant and, therefore, can be discarded. It
is noted that these models are not necessarily representing the
corners of parameter box.

This mapping is illustrated in Fig. 1. Convex hull boundary
is drawn with solid line and its extreme points are shown with
black dots. Grey points are the redundant elements which can
be removed from the model set without any deficiency. In order
to further model set reduction, the authors of [31] suggest to
use ε-approximate convex hull definition in which the number
of extreme points are considerably fewer than the convex hull.
ε-approximate convex hull of set S , shown by SE , is the best
subset of S so that all points of S are inside it or not farther
than ε. The ε-approximate convex hull in Fig. 1 is shown with
dashed lines and SE is the set of its extreme points. Clearly,
there is a trade-off between the number of elements of SE and
approximation error ε.

Let t0 present the current time. Fig. 2 shows all possible output
trajectories associated with uncertainty for some single input
trajectory in future. The resulted bounds driven by the models
ofSE are shown with dashed lines. Because of the approximation
error, the actual output may violate the resulting bounds obtained
from SE . However, authors in [30], [31] separately account for
the level of approximation (ε) by presenting a dynamic bound
on the output violation shown by εyk at the future time tk. As
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Fig. 2. Output bounds achieved by the approximate convex hull of the predic-
tion mapping S (dashed lines) and after adding the guaranteed output violation
bound εy (solid lines).

a result, one can only check the output constraints at extreme
points of ε- approximate convex hull while the constraints are
adjusted accordingly.

In this paper, we use the new RMPC approach introduced
in [31] to regulate the output voltage of a DC-DC floating
interleaved boost converter in the presence of:
� Parametric uncertainty. Physical elements of system are

assumed to be unknown but in a given range.
� Uncertainty in input voltage. Input voltage that comes from

an energy source is also unknown but in a given range.
� Measurement uncertainty. An i.i.d Gaussian noise is as-

sumed on output measures.
We expect to regulate the output voltage at the desired level

regardless the existing uncertainties. In fact, we design a unique
controller which can perform on every FIBC under the men-
tioned uncertainties with no need for further tuning. This work is
based on the preliminary paper [33] while the violation bounds
εy have been improved in this paper, i.e., a tighter bound is
achieved for RMPC which decreases the conservatism of the
controller. In addition, the controller performance in a larger
uncertainty range as well as in presence of measurement noise
is investigated.

This paper is structured as follows: The schematic and model
formulation of FIBC converter are discussed in Section II.
The formulation of the RMPC used to control the converter is
presented in Section III. Section IV explains how to implement
this controller to FIBC and the controller performance and its
priority against the state of the art is discussed in Section V.

Notation: R is the set of real numbers, with Rn a length n
vector of real numbers. For x ∈ Rn, xT denotes the transpose
of x and [x]k is the kth element of x. It may be represented as
xk when the kth element of x associates with sample time k.
For scalar s, 1 ≤ s < ∞, ‖x‖s := (

∑n
i=1 |[x]i|s)

1
s and ‖x‖∞ =

maxi |[x]i|. Given a set Θ with elements θ and function f(θ),
let f(Θ) denote the set {f(θ)|θ ∈ Θ}. Ir is the r × r identity
matrix. 1n×m is an n by m matrix of ones. 0n×m is an n by
m matrix of zeros. Given a set S ⊂ Rn, |S| is the number of
elements in S , coS is the convex hull of S . For matrix M let
Mr denote the rth row of M . Also for set S let Sr be the set
of rth row of elements of S . X ⊗ Y is the Kronecker tensor
product of X and Y .

Fig. 3. DC-DC floating interleaved boost converter schematic.

TABLE I
MODEL PARAMETERS

II. FIBC MODEL

Fig. 3 shows the schematic of an FIBC. It is the connection
of two conventional boost converters in series. When the switch
Si is not conducting, corresponding diode, Di, is closed and
when it is conducting, Di is open. Let D be the FIBC duty cycle
and D0 be its nominal value (refer to [2], [3]) and d̃s, the duty
cycle variation calculated from d̃s = D −D0. Then assuming
L1 = L2 = L3 = L4 = L,C1 = C2 = C, rL1

= rL2
= rL3

=
rL4

= rL, rC1
= rC2

= rC , the duty cycle to output voltage
small signal transfer function of the FIBC converter with resis-
tive load RL is given below [2], [3]:

ṽout(s)

d̃(s)
= Kv

(1− (s/ωzr)) (1 + (s/ωzl))

(1 + (s/ωoQ) + (s2/ω2
o))

(1)

where

Kv =
vin

(
2RL (1−D0)

2 − rL (1 +D0)
)

(1−D0)
2
(
RL (1−D0)

2 + rL

) (2a)

ωzr =
2RL (1−D0)

2 − rL (1 +D0)

L (1 +D0)
(2b)

ωzl =
1

rCC
(2c)

ωzi =
1

(RLC/ (D0 + 3)) + rCC
(2d)

ωo =
1√
LC

√
2RL (1−D0)

2 + 2rL
RL + 2rC

(2e)

Q =
ωo (RL + 2rC)LC

RLC
(
rL + 2rC (1−D0)

2
)
+ 2 (L+ rCrLC)

(2f)

FIBC elements can take any number in the given range
presented in Table I. vin is uncertain and changes based on
the energy source. In order to control the output voltage, d̃ is
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Fig. 4. Model Predictive Control. At each sample time, MPC finds the input sequence that provides the best output behavior of the system over a window of time
into the future. The current time is represented by k = 0.

manipulated to adjust the absolute duty cycle D. It is noted that
although we presented the nominal model with equal indactors
and capacitors, we take into account their mismatch by defining
the parametric uncertainty inL, rL, C, and rC where for instance
the uncertainty on L accounts for the accumulative deviation of
L1, L2 or L3, L4 from 2L. Moreover, the proposed sampling-
based controller is compatible with any arbitrary distribution
and the given uncertainty in distribution is just an example.

III. RMPC USING AN APPROXIMATE CONVEX HULL

Assume a model of the system is given in the following state
space form.

xk+1 = A(θ)xk +B(θ)δuk

δyk = C(θ)xk.
(3)

The system to be controlled has m inputs and n outputs with
the input at sampling time k represented as uk ∈ Rm and the
output as yk ∈ Rr. x ∈ Rn denotes the vector of system states,
θ ∈ Rq is the vector of parameters, and A,B,C are matrices of
compatible dimension that are known functions of θ. For time in-
stant k, δuk := uk − uk−1, and δyk := yk − yk−1 are the input
output variations. The system parameters lie in the uncertainty
set Θ∞ ⊂ Rq . System (3) is assumed to be controllable and
observable for all θ ∈ Θ∞. System output measures at sample
time k are denoted by zk, and it is assumed zk = yk + nk, where
nk ∈ Rr represents measurement uncertainty.

In basic case when there is no model uncertainty, MPC finds
the best feasible future inputs by minimizing an objective func-
tion over a p-length prediction horizon subject to input output
constraints. A model, which is initiated with its initial state x0,
is used to evaluate the system behavior corresponding to the
taken actions. Fig. 4 illustrates the way MPC performs. x0 can
be directly measured or obtained by an estimator (the estimated
initial state is indicated by x̂0). In the presence of uncertainty, the
robust strategy is to minimize the worst case objective function
over all θ ∈ Θ∞.

Problem 1: Original RMPC problem

min
u1,...,up

max
θ∈Θ∞

p∑
k=1

J(uk, yk(θ))

xk+1 = A(θ)xk +B(θ)δuk, x0 = x̂0

δyk = C(θ)xk, k = 1, . . . , p

subject to uk = u0 +

k∑
l=1

δul, yk = ŷ0 +

k∑
l=1

δyl,

ymin
k ≤ yk(θ) ≤ ymax

k ,

Fuk ≤ c. (4)

Due to uncertainty in state and output measures, their esti-
mations (x̂0, ŷ0) are used. Since the original uncertainty set Θ∞
includes an infinite number of elements, Problem 1 with infinite
constraints is intractable. That is why Θ∞ is replaced by a finite
set Θ by taking random samples where the sufficient number of
samples can be obtained from the scenario approach (see [24])
for an acceptable violation error and risk of failure. LetT (θ) be a
toeplitz matrix of system impulse response andΣ the summation
operator

T (θ) =

⎡
⎢⎢⎢⎢⎣
h1(θ) 0 0 · · · 0

h2(θ) h1(θ) 0 · · · 0
...

. . .
. . .

. . . 0

hp(θ) hp−1(θ) · · · h2(θ) h1(θ)

⎤
⎥⎥⎥⎥⎦ , (5)

Σ =

⎡
⎢⎢⎢⎢⎣
Ir

Ir Ir 0
...

. . .

Ir Ir · · · Ir

⎤
⎥⎥⎥⎥⎦ . (6)

Then define two matrices N(θ), M(θ) as

N(θ) = ΣT (θ),

M(θ) =
(
1p×1 ⊗

[
Ir 0r×pn

]
+ΣOp

[
0n×r In 0n×n(p−1)

] )
Ψ†(θ)Γ(θ). (7)

Ψ and Γ matrices are defined in (8), and (9) where R and Q
are proper weighting matrices to deal with measurement noise.
Ψ† = (ΨT (θ)Ψ(θ))−1ΨT (θ) is the pseudo inverse of Ψ, and
Op is the extended observability matrix defined as Op(θ) =[
(CA)T (CA2)T · · · (CAp)T

]T
.
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Ψ(θ) =⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

0 Q− 1
2 −Q− 1

2A 0 · · · 0

0 0 Q− 1
2 −Q− 1

2A · · · 0
...

. . .
. . .

...
0 0 · · · 0 Q− 1

2 −Q− 1
2A

R− 1
2 0 0 · · · 0 0

R− 1
2 −R− 1

2C 0 · · · 0 0
...

. . .
. . .

R− 1
2 −R− 1

2C · · · −R− 1
2C −R− 1

2C −R− 1
2C

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(8)

Γ(θ) =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

Q− 1
2B

. . . 0

Q− 1
2B

R− 1
2

R− 1
2 −R− 1

2

0
...

...
. . .

R− 1
2 −R− 1

2 · · · −R− 1
2

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(9)

By integrating a moving horizon estimation (MHE) (using
past input-output) for estimating the initial state and output, the
predicted output of system (3) in lifted form over a p-length
horizon in future can be calculated as [30]

Yf (θ) = M(θ)

⎡
⎢⎣ΔUp

z0

ΔZp

⎤
⎥⎦+N(θ)ΔUf (10)

where Yf = [yT1 · · · yTp ]T is the future output, Y0 =

[yT0 · · · yT0 ]T is a vector containing repeated elements
of the current output, ΔUf = [δuT

1 · · · δuT
p ]

T is the
future input variation vector. ΔUp = [δuT

−1 · · · δuT
−p+1]

T ,
ΔZp = [δzT0 · · · δzT−p+1]

T are past input and measured output
variation vectors, respectively. Define S(θ) = {M(θ), N(θ)}
as the new mapping and S = {M(Θ), N(Θ)} as the set
of all possible realizations of uncertainty in the mapping
space S. Define C = {α ∈ Rl|∑l

i=1 αi = 1, αi ≥ 0} and let
λp, λf ∈ Rp, where for k = 1, . . . , p,

[λp]k(S,S, s1) = min
α∈C

‖Mk −
|Θ|∑
i=1

αiMk(θi)‖s1 (11a)

[λf ]k(S,S, s1) = min
α∈C

‖Nk −
|Θ|∑
i=1

αiNk(θi)‖s1 (11b)

This gives a measure of the error between an arbitrary M and
N , and a specific linear combination of the elements of M(Θ)
and N(Θ). Define the (Hausdorff) distance of an arbitrary S to
the convex hull of set S as

d(S,S, s1) = max{‖λp(S,S, s1)‖∞, ‖λf (S,S, s1)‖∞} (12)

Definition 1: An ε-approximate convex hull of S in s1 dis-
tance definition is the convex hull of a minimal subset SE ⊆ S
such that for all S ∈ S , d(S,SE , s1) ≤ ε [34].

A method introduced in [34] may be used to find SE . Let
SE = {S(1), . . . , S(E)} with S(i) = {M (i), N (i)} indicate the
set of extreme points of ε-approximate convex hull of S . The
solution of the following QP problem, with considerably fewer
number of constraints and computational complexity is feasible
for Problem 1 [31].

Problem 2: RMPC with Approximate Convex Hull

min
Uf ,t

t

subject to

Y
(i)
f = M (i)

⎡
⎢⎣ΔUp

z0

ΔZp

⎤
⎥⎦+N (i)ΔUf

Y
(i)
f − εy ≥ Y min for i = 1, . . . , E

Y
(i)
f + εy ≤ Y max

J(Uf , Y
(i)
f ) < t

FUf ≤ c

(13)

where

εy = εp

∥∥∥∥∥
[
ΔUp

ΔZp

]∥∥∥∥∥
s2

+ εf‖ΔUf‖s2 (14a)

[εp]k = max
S∈S

[λp]k(S,SE , s1) k = 1, . . . , p (14b)

[εf ]k = max
S∈S

[λf ]k(S,SE , s1) k = 1, . . . , p (14c)

Remark 1: εy = [εy1 , . . . , ε
y
p]

T ∈ Rp is a dynamic violation
bound on output over the MPC horizon which reflects the
approximation error. εy goes to zero at steady state since the
input output variations are zero [30].

Remark 2: SE , the approximate convex hull of S is called
model set, and its elements are called the extreme models.

Remark 3: In this method s1 and s2 must be chosen so
that 1

s1
+ 1

s2
= 1. Therefore, three options {s1 = 1, s2 = ∞},

{s1 = ∞, s2 = 1}, and {s1 = 2, s2 = 2} can be selected.
In this approach, a trade-off between the time complexity

and accuracy is made based on the number of extreme models.
Selecting more extreme points increases the number of con-
straints in (13) and, consequently, increases the computational
complexity. However, it results in a smaller ε and, therefore, εy

which implies less conservatism. εy presented in (14a) is less
conservative (tighter) than what is used in [33]. Specifically,
εf is also calculated back compared to [33] meaning that the
first term associated with the past data is smaller than [33]. The
introduced RMPC is briefly implemented as below:
� Off-line. Stack the uncertain parameters in vector θ

and generate a finite set Θ = {θ(1), . . . , θ(|Θ|)} by ran-
domly sampling the uncertainty set. Map Θ to S =
{S(1), . . . , S(|Θ|)} where S(i) = {M(θ(i)), N(θ(i))}. For
a given εor an allowed number of extreme models, compute
SE = {S(1), . . . , S(E)} ⊂ S , the best approximate convex
hull of S . Calculate εf ∈ Rp and εp ∈ Rp using (14).
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� On-line. Solve (13) at each sample time to find the future
input vector Uf . Apply its first element (u1).

Additional details on the feasibility and stability performance
of the proposed model are available in [31].

IV. IMPLEMENTATION

Define the uncertainty vector θ = [vin, L, rL, C, rC , RL]
T .

Given the range of each parameter in Table I, we take 1000 ran-
dom samples with uniform distribution to create the uncertainty
set Θ = {θ(1), . . . , θ(1000)}. It is noted that this approach is not
limited to uniform distribution; that is for any given distribution
(e.g. Gaussian) we only need to draw enough random samples as
discussed in [31]. Then we buildS = {S(θ(1)), . . . , S(θ(1000))}
using the introduced mapping S(θ) = {M(θ), N(θ)} with M
and N defined in (7) and Q = R = I . It is emphasized that if
an accurate model is not available, this step can be simply done
using the step responses of 1000 random FIBC systems in a lab as
our controller only requires the impulse responses. The original
RMPC optimization problem to regulate the output voltage at
400 V is

min
Uf

max
θ∈Θ∞

cu‖Uf‖1 + λ‖ΔUf‖+ γ‖ζ‖

subject to

xk+1 = A(θ)xk +B(θ)δuk

δyk = C(θ)xk

yk(θ)− ζk ≤ 402 k = 1, . . . , p

yk(θ) + ζk ≥ 400

(15)

where A,B,C present the variational system matrices in dis-
crete time state space representation (they are simply obtained
from converting (1) to state space form with sampling time
Ts = 1ms). u = d̃ is the process input while y = vout and
δy = ṽout are the absolute output and its variation. Uf and Yf

are the future input output vectors defined in Section III. cu is
the input cost and the first term of the cost function minimizes
the control effort cost. We assume ymin = 400 V to ensure that
the minimum desired output is generated. Since the cost of the
input is minimized, this problem turns to a tracking problem.
In addition, we set ymax = 402 V to avoid large peaks in the
output at the transient times. However, sometimes there is no
feasible solution in the specified output range. To this end,
ζ = [ζ1 · · · ζp]T is used to soften the output constraints to ensure
this problem always has a feasible solution while the potential
violation is penalized with γ. λ‖ΔUf‖ attempts to keep the
system in the valid range of linearized model and avoid it to
go far from the operating point.

Given S and by setting s1 = s2 = 2 we calculate its ap-
proximate convex hull SE with corresponding {ε, εp, εf} using
the method introduced in [34]. According to Problem 2 the
following alternative problem can be solved.

min
Uf

cu‖Uf‖1 + λ‖ΔUf‖+ t

Y
(i)
f = M (i)

⎡
⎢⎣ΔUp

z0

ΔZp

⎤
⎥⎦+N (i)ΔUf

Fig. 5. Step responses of the generated random models for designing the
proposed RMPC controller.

subject to Y
(i)
f − ζ + εy ≤ 402 for i = 1, . . . , E

− Y
(i)
f − ζ + εy ≤ −400

εy = εp

∥∥∥∥ΔUp

ΔZp

∥∥∥∥+ εf‖ΔUf‖, γ‖ζ‖ ≤ t (16)

V. SIMULATION RESULTS

The performance of the suggested RMPC against measure-
ment noise, parametric uncertainty and input voltage changes
through simulation experiments is investigated in this section.
In order to demonstrate the superiority of the proposed approach
versus traditional controllers, we compare our RMPC perfor-
mance to an advanced MPC which is a modified version of
existing MPC approaches [17]–[19]; in the sense that an MHE
is integrated to enhance their initial state estimation.1

A. Experiment Setup and Controller Design

In order to realize the proposed RMPC controller, we generate
1000 random systems in the given uncertainty range as stated
in Section IV. Fig. 5 demonstrates the step responses of the
generated systems. It is worth noting that the proposed RMPC
approach can be applied to any system with a step response that
lies between the lower and higher bounds given in Fig. 5. This
capability is obtained due to the impulse response integration
in the controller formulation (see (5)). It tremendously helps
the user to apply the controller without further knowledge about
the mathematical model and parameters information in case that
only the system step response measure is available.

CVX software is used with solver Sedumi (Gurobi can be used
as well) to solve the QP problem (16). We assume that the actual
value of FIBC parameters lie in the uncertainty ranges given in
Table I. For the experiments, assume the input voltage, received

1The main superiority of our proposed RMPC controller to non-predictive
controllers including PID and sliding mode is its capability to satisfy input-
output constraints. In addition, compared to [24], [28] the time complexity of
our method is significantly lower as we only use 48 inner models (samples)
instead of 500.
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Fig. 6. FIBC input voltage receiving from an energy source.

Fig. 7. Approximation error (ε) when uncertainty in mapping S is covered
with E elements (extreme models).

from the energy source, vary over time between 37 V to 43 V as
shown in Fig. 6. The control goal is to keep the output voltage
at vout = 400V for any arbitrary system with parameters within
the uncertainty range regardless the unexpected changes in vin.
In other words, a unique controller is expected to perform under
uncertain situations without any needs for further tuning.

The approximate convex hull computation method presented
in [34] was used to find SE and results are shown in Fig. 7. The
horizontal axis indicates E, the number of elements of SE , and
the vertical axis indicates the resulting ε in logarithmic scale.
As expected, the approximation error decreases as the number
of extreme model increases. According to the figure, choosing
28 extreme models results in ε = 4.1064V (about 1% of the
steady state output voltage) while picking 48 models decreases
the approximation error to 1.0665 V (these points have been
highlighted in the figure). Although the user can pick any E,
these two points may be good candidates according to the error
trend. Since 48 models are still considerably fewer than 1000,
in this work we prefer to generate SE with 48 elements. As seen,
adding more extreme models afterE = 48 results in a negligible
decrement in the approximation error while it still increases the
computational complexity.

Fig. 8. (a) [εp]k (b) [εf ]k for k = 1, . . . , 10 when E = 48.

Fig. 9. Voltage regulation of 20 random systems using the introduced RMPC
under input voltage changes shown in Fig. 6 and parametric uncertainty.
(a) Output voltage. (b) Duty cycle deviation from its nominal.

After definingSE with 48 elements and ε = 1.0665V one may
use (14) to calculate back εp and εf . Fig. 8 shows εp and εf over
a 10-length future horizon. As expected, the uncertainty term
associated with future times (εf ) expands by time.

Let choose cu = 385, λ = 2500, and γ = 1.6 (These weights
can change by user based on the importance of their roles stated
in Section IV). We initiate the system to reach the steady state,
and then apply the robust MPC controller while vin is perturbed
as Fig. 6. The controller is tested for 20 arbitrary FIBCs with
random parameters in the uncertain ranges.

B. Comparison and Discussion

Fig. 9 compares the tracking results for the random FIBCs
controlled by a well-tuned conventional (basic) MPC and the
proposed RMPC when there is no measurement noise. Fig. 9(a)
shows the output voltage while the necessary changes in the
FIBC duty cycle to compensate the disturbance (input volt-
age perturbation) and parametric uncertainty is presented in
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Fig. 9(b). The input-output results are plotted in one figure
(Fig. 9) for all the 20 random FIBCs. We individually discuss
the performance of the RMPC controller and its privileges vs the
basic MPC against the parametric and the input voltage uncer-
tainties. In addition, we investigate output constraint satisfaction
as well as the stability performance. It is emphasized that, for
the sake of comparison, we have used a highly advance MPC
framework which combines an MHE estimator with MPC to
remove the DC bias that results in a better performance than a
majority of MPCs in the literature.

Controller Performance against input voltage uncertainty. In
the case that vout decreases, the RMPC controller adds a small
deviation to the duty cycle to cancel out the effect of the input
voltage changes. When vout suddenly increases, the controller
decreases the duty cycle by adding a negative d̃. The peak is
inevitable since it is not predictable. However, the controller
tries to return the output trajectory to its desired and also avoids
the output to exceed from 402 V. Basic MPC occasionally fails
in output constraint satisfaction as it is discussed in bullet c.

Controller Performance against parametric uncertainty. As
seen in Fig. 9(a), different systems result in different transient
responses. However, the RMPC controller successfully keeps all
the system above the desired reference and leads the systems to
the desired output at steady state despite the existing uncertain-
ties. Basic MPC, however, might result in instability which is
further discussed in bullet d.

Controller Performance in satisfying output constraints. We
designated two upper and lower bounds to the output to ensure
that the generated voltage always meets the customer desires
(400 V) and also do not have unnecessary peaks and overpro-
duction (limited by 402 V). As mentioned, avoiding undesirable
peaks caused by sudden disturbances alike input voltage is not
possible since we assume that there is no knowledge of their
occurrence time. However, except the time at which the voltage
goes down by disturbance (and controller brings it back to the
accepted region), the output always remains in the expected re-
gion despite existing uncertainties. It is worth mentioning that it
could not be necessarily achieved by a basic MPC. It is observed
that the basic MPC may fail in meeting the constraints as the
parameter uncertainty impacts the MPC inner model accuracy
and causes a mismatch between the actual system dynamics/DC
gain and what the MPC assumes to be the correct one.

Stability. In order to have a fair comparison, the conducted
experiments are performed with a one-time controller tuning.
The proposed RMPC always maintained the stability in the
performed random experiments while basic MPC faced a high
fluctuation or even instability in some of the experiments (un-
stable experiments for basic MPC are removed from Fig. 9(a)
for better visualization). It is noted that the individual tuning of
basic MPC for every system is either hard and expensive or not
practical.

the guaranteed violation bound εy calculated by the RMPC
for k = 10 (10-step ahead prediction) is presented in Fig. 10
shows. Fig. 10(a) and Fig. 10(b) represent the violation bounds
due to the past input-output and future input (in order, the
first and second terms of (14a)), respectively. As claimed in
Remark 1, the violation bound goes to zero at steady state, which

Fig. 10. Output violation bound at future sample k = 10 (εy10) corresponding
to the convex hull approximation error (a) due to past input-output variation.
(b) due to future input variation.

Fig. 11. Voltage regulation of a FIBC (with random θ) by the proposed RMPC
under input voltage (as Fig. 6), measurement and parametric uncertainties.
(a) Output voltage. (b) Duty cycle deviation from its nominal.

removes the conservatism of the robust approach and results in
a bias-free tracking. εy presented in this work is tighter than that
presented in [33]. This tighter bound results in a less conservative
controller.

In order to investigate robustness of controller against mea-
surement uncertainty, a Gaussian noisenk ∼ N (0, 1V ) is added
to the output while the system is selected randomly. Tracking
results are shown in Fig. 11 while all types of uncertainties,
including input voltage, measurement and parametric uncertain-
ties are involved. Fig. 11 confirms that the controller succeeded
in handling multiple uncertainties.

VI. CONCLUSION

In this paper, robust control of an FIBC in the uncertain situ-
ations was studied with an attempt to regulate the FIBC output
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voltage at the desired level regardless the existing uncertainties.
Uncertainty in the FIBC input voltage,in the physical elements
(parametric uncertainty), and in the measurement were taken
into account as three common types of uncertainty. Specifically,
a recent robust model predictive control approach was used due
to its capability in handling the parametric uncertainty as well
as measurement noise. The key element of this controller com-
pared to the previous robust approaches is its low computational
complexity and the given degree of freedom to design it based
on the required time complexity. Simulation results confirm the
solid and robust performance of the proposed controller under
uncertain situations versus an enhanced conventional MPC in
the sense of output constraint satisfaction and stability.
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