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Abstract: This paper proposes a new technique to address the anti-windup (AW) with model
predictive control (MPC) scheme for linear time-varying (LTV) systems. The main advantage of
this new approach is the reduced conservativeness compared with other well-known anti-windup
techniques and to prevent integration windup in MPC controllers when the actuators are saturated. The
control with AW is applied in a three-state switching cell (3SSC) DC-DC converter operating under
saturation conditions. The MPC with proposed anti-windup is compared with the MPC technique
and with MPC-AW without relaxation. The MPC-AW with relaxation improves the performance
when the converter operated in the saturated mode and allows the rational use of the converter. The
simulation results validated the efficiency of the proposed approach and showed that the proposed
approach not only allows working better with the polytope modeling but also improves the response
under LTV disturbance.
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1 Introduction

Anti-windup (AW) techniques are used to prevent the plant’s
control signal from entering the saturation region. In practice,
the control signal can have a different value from the signal
that actually acts on the plant, i.e., the control signal stays at the
saturation region, which is not desired because deterioration
of system performance occurs. This phenomenon is known
as windup (Qi et al., 2018; Turner et al., 2003; Rego and
Costa, 2020; Rego et al., 2018). In this way, the windup is an
unwanted effect. Hence, in the last two decades, the problem

of designing the anti-windup compensator that guarantees
closed-loop stability and satisfies certain performance criteria
has been extensively explored (De Doná et al., 2000; Turner
et al., 2003; Ran et al., 2016; Wada and Saeki, 2016; Fang
et al., 2018; Rego et al., 2018; Errouissi and Al-Durra, 2018;
Su et al., 2016; Zheng et al., 2019). De Doná et al. (2000)
discuss the relationship between the AW technique and the
model predictive control (MPC), in which the AW control
considered in the work is based on the law of closed-loop
control with state saturation applied to LTV system. Wada and
Saeki (2016) shows a method of designing an anti-windup
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compensator with the MPC control for a system with input
restrictions. Ran et al. (2016) proposes the application of AW
in uncertain systems. And Fang et al. (2018) presents results
on a dynamic anti-windup compensator for the flexible AC
transmission system-based wide-area damping controller.

Papers with the anti-windup technique applied to
converters that we can mention are Rego and Costa (2020),
Rego et al. (2018), Huang et al. (2004), Tomaszewski and
Jiangy (2016) and Tarczewski et al. (2017). Huang et al.
(2004) presents analysis and design of a high-power multileg
interleaved boost converter and tests different anti-windup
schemes for a typical PI-controller are evaluated. Rego
et al. (2018) presents the MPC control with anti-windup
compensator (AW) optimised via LMIs for boost converter
control. Errouissi and Al-Durra (2018) proposes a novel
decoupled PI current controller for grid-tied inverters with
an anti-windup scheme arises naturally into the controller,
leading to an improved transient performance in the presence
of saturation. And Tarczewski et al. (2017) presented a gain-
scheduled constrained state feedback controller for a SiC
MOSFET direct current DC-DC buck power converter with a
non-synchronous control strategy with anti-windup to avoid
the windup phenomenon.

Hence, it can be observed that applications of robust
controllers with anti-windup compensators are still incipient
for studies related to static converters (Rego et al., 2018;
Tomaszewski and Jiangy, 2016). These converters are widely
used in power supply systems. One of the converters of
interest, mainly in the area of power electronics are the boost
converters (Costa et al., 2017). The purpose of these converters
is to provide a DC voltage output even when subjected to
load or input voltage variations (Guldemir, 2011). Although
it has a simplified topology, it presents some singularities
in its modelling, such as variations of load resistance and
input voltage (Linares-Flores et al., 2014; Ortega et al., 2013).
And realising the control of these converters is considered a
complicated task due to their singularities (Amirifar, 2005).
The windup on converters can be modelled as the overlapping
effect. This effect occurs when the control signal operates in
a region such that there is simultaneous conduction of two or
more offset keys (Rego et al., 2018).

Thus, in this work we propose an improvement in AW
technique of Herrmann et al. (2003) based on procedures of
Cuzzola et al. (2002) and Wada et al. (2006). The improvement
reduces the conservatism of a convex hull without the
loss of feasibility properties while enhancing the control
performance.

The AW technique was implemented with the MPC
discussed in Costa et al. (2017); Rego et al. (2018). It was
decided to control the boost converter with the MPC control
technique because the MPC proved to be a very robust control
type in most applications, such as in static converters and in
electric drive devices. The main causes of this control are that
it can be applied either to linear or non-linear multivariate
(Camacho and Alba, 2013; Aguirre et al., 2007; Costa et al.,
2017; Ma and Fang, 2019). And works using offline MPC
with uncertain models have increased in the last years as seen
in Paulson et al. (2017), Lorenzen et al. (2017), Zheng et al.

(2018), Moradi et al. (2019), Hu and Ding (2019), Ping (2017)
and Longge and Yan (2017).

Therefore, the new AW approach with MPC is applied
to the control of three-state switching cell (3SSC) DC-DC
boost converter with uncertainties operating under saturation
conditions in the control signal. The uncertainties of the boost
converter considered in this study are the load resistance and
the input voltage. The major contribution of the research is
that the proposed method improves the performance when
the converter is operated in the saturated, and this allows
the rational use of the converter, avoiding that the saturation
damages its performance in a permanent regime. The benefit
of this approach is demonstrated in the numerical simulation.

2 Boost converter

Figure 1 shows the boost converter used (Bascopé and Barbi,
2000; Costa et al., 2017). This converter is characterised by
the switching method optimised, thus guaranteeing a higher
percentage yield in its operation (Costa et al., 2017).

Figure 1 Boost converter with three-state switching cell

The boost converter in Figure 1 converts the input voltage
range from 26V–36V to 48V with variable load from 380W–
1000W. The parameters used for the converter is the same
used by Rego and Costa (2020).

2.1 Mathematical modelling

The expressions in the state spaceAt,Bt,Ct andDt operating
in continuous conduction mode (CCM) (Middlebrook and
Cuk, 1976) are:

ẋ = At(t)x+Bt(t)u,
y = Ct(t)x+Dt(t)u,

(1)

where,

At =

[
− (1−Dcycle)(Rco∥Ro)

L − (1−Dcycle)Ro

L(Rco+Ro)
(1−Dcycle)Ro

Co(Rco+Ro)
− 1

Co(Rco+Ro)

]
, (2)

Bt =
Vg
R′

[
Ro

L
(1−Dcycle)Ro+Rco

Ro+Rco

− Ro

Ro+Rco

]
, (3)

Ct =
[
(1−Dcycle)(Rco∥Ro)

Ro

Rco+Ro

]
, (4)

Dt = −Vg
Rco∥Ro

R′ . (5)

such that R′ = (1−Dcycle)
2Ro +Dcycle(1−

Dcycle)(Rco∥Ro), x = [iL Vc]
T where iL is the inductor
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current, Vc is capacitor voltage, u is the control signal,Dcycle

is the duty cycle and y = Vo, Vo is the output voltage.
The uncertainties of the model can be defined by Costa

et al. (2017):

Ro = f(Pot) =
V 2
o

Pot
Pot ∈ [Potmin Potmax], (6)

Dcycle = f(Vg) = 1− Vg
Vo

Vg ∈ [Vgmin Vgmax ]. (7)

With this variation in input voltage Vg and load Ro, system
becomes variant with uncertain parameters. Thus one way
of representing this system is by using polytopic modelling.
Therefore considering the equations, (7) and (6), system (1)
belongs to the following polytope formed by the four local
models,

[At(Ro, Dcycle)), Bt(Ro, Dcycle), Ct(Ro, Dcycle),
Dt(Ro, Dcycle)] ∈ Co {[A1, B1, C1, D1],

[A2, B2, C2, D2], [A3, B3, C3, D3], [A4, B4, C4, D4]} ,
(8)

where, Co{·} denotes the convex hull of the polytope
and [Aj , Bj , Cj , Dj ] are vertices of the polytopic. In
this way, system is time-varying with variations in power
([Potmin Potmax]) and input voltage ([Vgmin Vgmax ]).

3 Problem statement

Figure 2 shows the proposed block diagram by Rego et al.
(2018). A, B, C and D are the discretised matrices in state
space. As seen in Figure 2 an integral action will be applied
in the control signal, as proposed in Costa et al. (2017). Still
in Figure 2 g, h are the matrices that correspond to the degree
freedom of the integral action block diagram and v is the
integral action. KI and K are respectively the integral action
gain and MPC control gain. r(k) is the input reference of
system, and y(k) is the output of system.

The coprime matrices are given by,

Θ(z) =

[
M(z)− I
G(z)M(z)

]
∼

A+BFAW B
FAW 0

C +DFAW D

 , (9)

whereFAW is the anti-windup gain, andA,B,C andD are the
discretised matrices of the boost converter. The expressions of
the anti-windup actuator are defined by,

xd(k + 1) = (A+BFAW )xd(k) +Bũ(k), (10)

ud(k) = FAWxd(k), (11)

yd(k) = (C +DFAW )xd(k) +Dũ(k). (12)

To calculate the anti-windup gain (Turner et al., 2003)
proposes the Theorem 1.

Theorem 1 (Turner et al., 2003): propose that there is a
discrete time dynamic compensator that solves the windup
problem if and only if there exists a dynamic compensatorΘ(z)
of order np which solves strongly the anti-windup problem
if there exist matrices Qa > 0, Ua = diag(µ1, ..., µm), La ∈

R(m+q)×m and a scalarµa > 0, such that the following linear
matrix inequality is satisfied,

minγa
−Qa ∗ ∗ ∗ ∗
−La −2Ua ∗ ∗ ∗
0 I −µaI ∗ ∗

(CjQa +DjLa)DjUa 0 −I ∗
(AjQa +BjLa) BjUa 0 0 −Qa

 < 0.
(13)

Where FAW = LaQ
−1
a is anti-windup action gain, based on

coprime factorisation. And γa =
√
µa.

Using this theorem, we can achieve an anti-windup gain
to avoid the windup or overlapping effect on converters
with uncertainties. But, due to the fact that the uncertainties
present in system can lead to an infeasible problem when they
are largely increased or modified. We will use a procedure
that reduces the conservatism of a convex hull without the
loss of feasibility properties while enhancing performance.
A procedure used to enhance the feasibility problem of
constraints is the LMI relaxation, as proposed by Cuzzola et al.
(2002) and Wollnack et al. (2017)

Figure 2 Control diagram

3.1 Convex relaxation of anti-windup LMI

Theorem 2: There exists a dynamic compensator Θ(z)
of order np which solves strongly the anti-windup
problem if there exist matrices Qa > 0, Xa ̸= XT

a , Ua =
diag(µ1, ..., µm), La ∈ R(m+q)×m and a scalar µa > 0,
such that the following linear matrix inequality is satisfied,

−(Xa +XT
a −Qaj) ∗ ∗ ∗ ∗

−La −2Ua ∗ ∗ ∗
0 I −µaI ∗ ∗

CjXa +DjLa DjUa 0 −I ∗
AjXa +BjLa BjUa 0 0 −Qaj

 < 0. (14)

where j = 1, ..., p, and the gain FAW (k) = LaX
−1
a .

Proof: See Appendix A.
With the matrix inequality (14), we obtain a faster response

of system when the control signal enters the saturation region
and reduces the conservatism of the convex hull.
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3.2 Block diagram – model with integral action

The augmented matrices for system (1), without considering
the anti-windup effects are given by,

Âj =

[
Aj 0

−hCj g

]
, (15)

B̂j =

[
Bj

−hDj

]
, (16)

Ĉj =
[
Cj 0

]
, (17)

whose closed-loop expressions are given by,

Ā =

[
Aj −BjK BjKI

−h(Cj −DjK) g − hDjKI

]
, (18)

B̄ =

[
0
h

]
, (19)

C̄ =
[
(Cj −DjK)DjKI

]
, (20)

D̄ = 0. (21)

where Ā, B̄, C̄ and D̄ are the closed-loop matrices whose state
is defined by,

x̂ =

[
x(k)
v(k)

]
, (22)

where v(k) is the integral action.

3.3 MPC control

The formulation of the offline MPC used are given by the
following inequalities, as proposed in Rego (2019); Rego et al.
(2018); Wan and Kothare (2002),

maxÂ (k + i) B̂ (k + i)
∈Ω, i≥0

J∞ (k) ≤ V (k + i|k) ≤ γ

[
1 x̂ (k|k)

x̂ (k|k) Q

]
≥ 0, Q > 0, (23)


Q ∗ ∗ ∗

ÂiQ+ B̂iY Q ∗ ∗
Q

1/2
c Q 0 γI ∗

R1/2Y 0 0 γI

 ≥ 0, i = 1, . . . , L (24)

[
X Y
Y T Q

]
≥ 0, Xrr ≤ u2r,max, r = 1, 2, . . . , nu (25)

Z Ĉ
(
ÂiQ+ B̂iY

)
∗ Q

 ≥ 0, Zrr ≤ y2r,max,

r = 1, 2, . . . , ny (26)

where,F = Y Q−1 is the gain. If the Lyapunov function exists,
then the gain found is stable (Wan and Kothare, 2002; Costa
et al., 2017).

4 Numerical simulation

In order to test and compare the effectiveness of the improved
anti-windup with MPC technique, we used boost convert
model described in Section 2. We implemented the control
only with the MPC with the LMIs (23), (23), (24), (25), and
(26). Also we implemented the control anti-windup defined
by Theorem 1 with MPC. We also implemented the proposed
control anti-windup defined by Theorem 2 with MPC.

The circuit implementation considered non-linear
continuous modelling using the Runge Kutta 4th order
method. The initial states of system (1) is assumed as
x = [38.4615 26]T . The set reference voltage was Vo = 48 V.
The maximum value of the control signal was umax = 0.5
and the operating points of the converter is 380–1000 W for
sample time Ts = 1 ms and simulation step of the 1µs, we
used g = h = 1.

Thus, considering the function f(Vg, Pot), system (1)
belongs to the following polytope formed by the four local
discrete models,

• f(36V, 1000W )

A1 =

[
−0.2838−7.7479
0.0634 −0.1137

]
, B1 =

[
580.4780
65.2800

]
,

C1 =
[
0.0198 0.9886

]
, D1 = −0.7304.

(27)

• f(26V, 1000W )

A2 =

[
0.0958−8.4507
0.0692 0.2660

]
, B2 =

[
851.9920
53.4470

]
,

C2 =
[
0.0143 0.9886

]
, D2 = −1.0054.

(28)

• f(36V, 380W )

A3 =

[
−0.3102−7.9646
0.0652 −0.1119

]
, B3 =

[
542.7340
68.8140

]
,

C3 =
[
0.0199 0.9956

]
, D3 = −0.2802.

(29)

• f(26V, 380W )

A4 =

[
0.0759−8.7329
0.0715 0.02873

]
, B4 =

[
814.2740
58.5880

]
,

C4 =
[
0.0144 0.9956

]
, D4 = −0.3871.

(30)

The weighting matrices are

Qc =

1 0 0
0 0.1 0
0 0 0.1

 , and R = 0.1. (31)

The anti-windup gain obtained with the Theorem 2 was,

FAW = [−0.2598 116.5783]× 10−4. (32)

The anti-windup gain obtained with the Theorem 1 was,

FAW = [−8.0071 54.4034]× 10−4. (33)

And the controller gain

Fj = [0.0119 − 0.7312︸ ︷︷ ︸
K

−0.1019︸ ︷︷ ︸
KI

]× 10−2 (34)
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KI and K are respectively the integral action gain and MPC
control gain.

A step variation of the input voltage of 26V − 36V was
made, at the time of0.075s and0.225s, whose analysis interval
was between 0s and 0.3s, as shown in the Figure 3.

Figures 4 and 5 show the variation of the load (Ro) and
power (Pot) applied in system simulation.

Figure 3 Variation of the input voltage Vg (see online version
for colours)
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Figure 4 Variation of the load Ro (see online version for colours)
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Figure 5 Variation of the power Pot (see online version
for colours)
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Figure 6 shows the simulation results of the control signal
limited by saturation sat(u(k)) and u(k). It is noted that the
control signal with actuator AW has a faster recovery than the
circuit operating only with the MPC controller. In this way,
the MPC-AW with relaxation improved performance when the
converter operated in the saturated mode.

Figure 6 sat(u(k)) and u(k) (see online version for colours)
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Figure 7 shows the variation curve of the output voltage y(k)
in relation to the voltage variation of time. It is observed
that system with actuator AW has a regimen recovery faster

than the circuit operating only with the MPC controller. The
AW compensator produces a signal based on the difference
between the controller output and the saturated actuator
output, and then augment the signal to the control to deal with
the windup phenomenon caused by actuator saturation.

Figure 7 Output voltage y(k) (see online version for colours)
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Figure 8 Control signal u(k) (see online version for colours)
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Figure 9 Inductor current iL (see online version for colours)
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Figure 10 Output current (see online version for colours)
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Figure 8 shows the controller output u(k). It respond almost
immediately to changes in the setpoint. Without the anti-
windup circuit (only with MPC), the responses is sluggish with
delay. We can see that with LMI of relaxed anti-windup the
response is even faster when compared with AW not relaxed. It
is observed that the effect of the control signal of the proposed
MPC-AW controller is reflected linearly in the inductor current
(Figure 9) and in the output voltage (Figure 7). Similarly, the
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control signal of the MPC controller is longer under saturation
effect, impacting the responses of the current in the inductor
and the output voltage.

In Figure 9 the current in the inductor has a situation
similar to the output voltage. Scheme recovery of system with
AW is faster than the model without AW. Even though all
strategies reach an instantaneous peak current of about 105A,
the proposed MPC-AW controller begins to act moments after
reaching the peak current, different from the model controlled
only by the MPC control, which only begins to act about
100 ms later.

Figure 10 shows the output current. Note how quickly
the signal returns to the linear region and how fast the
loop recovers from saturation at 0.225s with the proposed
MPC-AW. Although MPC-AW method presents very good
responses, as shown in Figures 7–10, our proposed method
presents faster responses than MPC-AW without relaxation.

5 Conclusion

A new design method of an MPC with anti-windup structure
for the boost converter is proposed. It has been shown in
the numerical example that the proposed control system
has a certain level of robustness. And the AW strategy
applied in the operation of the control signal allows the
rational use of the converter, avoiding that the saturation
damages its performance in a permanent regime. The proposed
approach not only allows working better with the polytope
modelling but also improves the response under time-varying
disturbance. The simulation results performed in the converter
demonstrated that the proposed scheme is useful to suppress
the actuator saturation. And the presented anti-windup method
is simple, with a very low computational cost, and effective.
In our future work, we intend to apply the obtained results to
the real converter system and to extend the proposed method
to parameter-varying system.
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Appendix A. Proof Theorem 2

In order to increase the elasticity of the polytope in the LMI
(13) and obtain a faster response of system when the control
signal enters the saturation region, the LMI relaxation process
will be applied.

The LMI is given by,
−Qa ∗ ∗ ∗ ∗

−FAWQa −2Ua ∗ ∗ ∗
0 I −µaI ∗ ∗

(Cj +DjFAW )Qa DjUa 0 −I ∗
(Aj +BjFAW )Qa BjUa 0 0 −Qa

 < 0. (A1)

Since inequalities (A1) hold, defined a matrix Xa ̸= XT
a ,

i.e., the matrices Xaj are non-singular. Letting Xa(k) =∑l
j=1 µjXaj and multiplying to the left of the matrix (A1)

by,

diag(XT
a Q

−1
aj , I, I, I, I) (A2)

and from the right by,

diag(Q−1
aj Xa, I, I, I, I) (A3)

inequality (A1) is converted to the form,
−XT

a Q
−1
aj Xa ∗ ∗ ∗ ∗

−FAWXa −2Ua ∗ ∗ ∗
0 I −µaI ∗ ∗

(Cj +DjFAW )Xa DjUa 0 −I ∗
(Aj +BjFAW )Xa BjUa 0 0 −Qaj

 < 0. (A4)

Also, recalling thatQa(k) =
∑l

j=1 µjQaj(k) > 0 and since,

(Qaj −Xa)
TQ−1

aj (Qaj −Xa) ≥ 0, (A5)

gives,

−XT
a Q

−1
aj Xa ≥ −(Xa +XT

a −Qaj). (A6)

Considering the inequality (A6), we have,
−(Xa +XT

a −Qaj) ∗ ∗ ∗ ∗
−La −2Ua ∗ ∗ ∗
0 I −µaI ∗ ∗

CjXa +DjLa DjUa 0 −I ∗
AjXa +BjLa BjUa 0 0 −Qaj

 < 0. (A7)

where j = 1, ..., p, and the gain FAW (k) = LaX
−1
a .




