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Abstract— A model predictive control (MPC) algorithm for
dc–dc boost converters is proposed in this paper. The proposed
control scheme is implemented as a current-mode controller. Two
control loops are employed, with the inner loop being designed
in the framework of MPC. Two different objective functions
are formulated and investigated. The control objective, i.e., the
regulation of the current to its reference, is achieved by directly
manipulating the switch, thus a modulator is not required. As a
prediction model, a hybrid model of the converter is used, which
captures precisely the continuous and the discontinuous conduc-
tion modes. The proposed control strategy achieves very fast
current regulation, while exhibiting only a modest computational
complexity. Simulation and experimental results substantiate the
effectiveness of the proposed approach.

Index Terms— Current control, dc–dc converter, hybrid
system, model predictive control (MPC), optimal control.

I. INTRODUCTION

THE control of power electronic converters constitutes
a challenging task, due to their switched nonlinear

(or hybrid) characteristic. The standard control approach is
to average the continuous-time dynamics associated with the
different modes of operation, and to linearize them about the
operating point. A different approach is to directly address
the hybrid nature of these converters, e.g., [1].

Despite the extensive research done in this area, the control
problem of hybrid systems still poses challenges. However,
the emergence of fast microprocessors and recent theoretical
advances in the control of hybrid systems enabled the appli-
cation of model predictive control (MPC) [2], [3]—a control
method that has been successfully used in the process industry
for more than three decades—to the field of power electronics.
During the last decade, MPC has been successfully applied to
several power electronic topologies [4]–[11], including dc–dc
converters.

For the latter, MPC has been typically used in its simplest
form, namely as a dead-beat controller, for controlling the pre-
dominant dc–dc converter topologies, i.e., the buck, the boost,
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and the buck-boost converter [12]–[16]. A more complex
MPC strategy was introduced in [17] and [18] for the buck,
and in [19] and [20] for the boost converter. The nonlinear
dynamics of the converter were approximated by a piecewise
affine model; the resulting controller regions were computed
offline and stored in a look-up table, greatly reducing the
computation time required to solve the control problem in
real time. In [21], an MPC approach based on numerical
techniques was presented, and a sliding mode observer was
designed, providing estimates of the varying voltage source
and load resistor. In [22], the control problem of a full bridge
dc–dc converter was formulated in the context of MPC in
a computationally efficient manner. Finally, a current and a
voltage MPC approach based on enumeration were introduced
in [23] and [24], respectively, where the control objectives
were met by directly manipulating the switch.

This paper proposes a current-mode MPC scheme for the
dc–dc boost converter, as in [25]. However, a more precise
discrete-time model of the converter is introduced. In contrast
to the aforementioned MPC-based approaches, this mathemat-
ical model, which serves as a prediction model for MPC,
captures all operating modes of the inductor current, making
it suitable for operation both in continuous conduction mode
(CCM) and discontinuous conduction mode (DCM). Hence,
the converter state can be accurately predicted for the whole
operating regime. Two control loops are employed. The outer
loop adjusts the current reference for the inner loop such that
the output voltage is regulated to its desired reference. The
inner loop, posed in the MPC framework, drives the inductor
current to its reference, by manipulating the switch. The outer
loop is augmented by a Kalman filter, suitable for all operating
modes. This state estimation scheme is designed so as to cope
with all possible disturbances and uncertainties, which might
arise from real-world nonidealities. To this end, the controller
aims at rejecting all disturbances, including load and input
voltage variations.

A major advantage of the current-mode MPC strategy
introduced here is that only a short prediction horizon is
needed, since the current exhibits a minimum-phase behavior
with respect to the control input. In that way, the computational
complexity, which is the dominant disadvantage of MPC, is
decreased. Other benefits of the proposed scheme include
the inherent robustness, the design simplicity, and the fast
dynamics that MPC can provide. However, the absence of
a modulator and the direct manipulation of the converter
switches imply a variable switching frequency.

This paper is organized as follows. In Section II, the
hybrid continuous-time model of the converter is summarized.

2168-6777 © 2013 IEEE
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Fig. 1. Topology of the dc–dc boost converter.

Furthermore, the discrete-time model suitable for the controller
design is derived. Section III is devoted to the formulation
of the constrained optimal control problem. In Section IV
simulation results are given, and in Section V the experimen-
tal validation of the proposed control strategy is presented.
Finally, Section VI draws the conclusion.

II. MATHEMATICAL MODEL OF THE BOOST CONVERTER

A. Continuous-Time Model

The dc–dc boost converter is a switch-mode converter that is
capable of producing a dc output voltage greater in magnitude
than the dc input voltage. Fig. 1 shows the circuit topology
examined, where S denotes the controllable switch, D is the
passive switch, and RL is the internal resistor of the inductance
L, which, together with the capacitance Co, forms a low-pass
filter.

The independent states of the converter are the inductor
current and the output voltage across the output capacitor.
The state vector is defined as x(t) = [iL(t) vo(t)]T . The
system is described by the following affine (linear plus offset)
continuous-time state-space equations [26]:

dx(t)

dt
=

⎧
⎪⎨

⎪⎩

A1x(t) + Bvs(t), S = 1

A2x(t) + Bvs(t), S = 0 & iL(t) > 0

A3x(t), S = 0 & iL(t) = 0

(1)

where the matrices A1, A2, A3, and B are given by

A1 =
[
− RL

L 0
0 − 1

Co R

]

A2 =
[
− RL

L − 1
L

1
Co

− 1
Co R

]

A3 =
[

0 0
0 − 1

Co R

]

B = [ 1
L 0

]T

where R is the load resistance. The converter can operate
in CCM and DCM, depending on the value of the inductor
current iL(t), Fig. 2. CCM refers to the case where iL(t)
is always positive regardless of the state of the controllable
switch S (first two equations in (1)). DCM means that the
inductor current reaches zero (iL(t) = 0) for some period of
time during the switching cycle, when the switch is OFF (third
equation in (1)).

The output of the system corresponds to the output
voltage

y(t) = Cx(t) (2)

with C = [0 1].

B. Modeling for Controller Design

The derivation of a discrete-time model suitable to serve as
an internal prediction model for the controller is detailed in

Fig. 2. The shape of the inductor current reveals the operation mode: the
converter operates in CCM from t to t + Ts , and in DCM from t + Ts to
t + 2Ts .

Fig. 3. Modes of operation of the boost converter: depending on the
shape of the current four different modes are introduced. (a) Inductor current.
(b) Switch position.

the following. The continuous-time equations of the model as
given by (1) and (2) are discretized using the forward Euler
approximation approach, resulting in the following discrete-
time model of the converter:

x(k + 1)=
⎧
⎨

⎩

E1x(k)+ Fvs(k), S = 1
E2x(k)+ Fvs(k), S = 0 & iL(k+1)>0
E3x(k), S = 0 & iL(k) = 0

(3a)

y(k) = Gx(k) (3b)

where E1 = 1 + A1Ts , E2 = 1 + A2Ts , E3 = 1 + A3Ts ,
F = BTs , and G = C . Furthermore, 1 is the identity matrix
and Ts is the sampling interval.

However, as can be seen in Fig. 3, after the dis-
cretization the boost converter can operate in four different
modes:

1) the inductor current is positive and the switch is
ON for the whole sampling interval, i.e., iL(k) > 0,
iL(k + 1) > 0, and S = 1;

2) the inductor current is positive and the switch is
OFF for the whole sampling interval, i.e., iL(k) > 0,
iL(k + 1) > 0, and S = 0;
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Fig. 4. Dc–dc converter represented as an automaton driven by conditions.

3) during the sampling interval the inductor current
reaches zero, while the switch is OFF, i.e., iL(k) > 0,
iL(k + 1) = 0, and S = 0;

4) the inductor current is zero and the switch is OFF for
the whole sampling interval, i.e., iL(k) = iL(k + 1) = 0,
and S = 0.

While (3) describes the modes “1”, “2”, and “4”, it does not
capture the transition from the CCM to DCM, i.e., mode “3”.
To derive a precise discrete-time mathematical model of the
converter that captures all operating modes, the state update
given by (3a) is augmented by the additional equation

x(k + 1) = E2,3x(k) + τ1

Ts
Fvs(k) (4)

with E2,3 = (1/Ts)(τ1 E2 + τ2 E3). In addition, τ1 denotes the
time instant within the sampling interval, when the inductor
current reaches zero, i.e., iL(k + τ1/Ts) = 0 and τ1 + τ2 = Ts .

In Fig. 4, the operating modes of the converter are described.
Mode transitions are specified by conditions, such as the
switch position and the value of the current. To visualize the
different modes and the transitions from one mode to the other,
a binary variable u denoting the switch position is introduced,
where u = 1 refers to the switch S being ON, and u = 0 to
the switch being OFF [27].

III. CONTROL PROBLEM AND APPROACH

In this section, the design of the control scheme is presented.
The MPC approach indirectly controls the output voltage by
controlling the inductor current. This is achieved by appro-
priately manipulating the controllable switch. To derive the
optimal sequence of control actions that minimizes a user-
defined objective function subject to the plant dynamics, an
enumeration technique is used.

A. Model Predictive Control

MPC has established itself as a widespread controller thanks
to its straight-forward design and implementation. An objec-
tive function needs to be chosen that captures the control
objectives over the finite prediction horizon. At each sampling
instant, the optimal solution is the sequence of control inputs
that minimizes the objective function subject to the discrete-
time model of the converter, resulting in the “best” predicted
behavior of the system. The first element of this sequence is

Fig. 5. Three candidate switching sequences for the prediction horizon
N = 7. (a) Predicted current trajectories. (b) Predicted switching sequences.

used as the process input. At the next step, new measurements
or estimates are obtained, the horizon is shifted by one
sampling interval and the optimization procedure is repeated.
This strategy, known as receding horizon policy [2], [3], is
employed to provide feedback.

B. Control Objectives

The main control objective is to derive a switching strategy
such that the inductor current is regulated along its reference
trajectory. Furthermore, the closed-loop system needs to be
robust to disturbances, i.e., the output voltage is to remain
unaffected by changes in the input voltage and variations in
the load.

C. Objective Function

For the design of the objective function, the deviation of
the predicted evolution of the variables of concern from the
desired behavior, over the horizon N , is taken into consid-
eration. The control input at time-instant kTs is obtained
by minimizing that function over the optimization variable,
which is the sequence of switching states over the horizon
U(k) = [u(k) u(k + 1) . . . u(k + N − 1)]T . The sequence U∗
that minimizes the objective function is the optimal solution;
the first element of the sequence, denoted as u∗(k), is applied
to the converter, the remaining elements are discarded and the
procedure is repeated at the successive sampling instant based
on new acquired measurements.

An illustrative example of the predicted state, here the
inductor current, and the sequence of the control actions,
i.e., the switching state, is shown in Fig. 5. Three candidate
switching sequences are shown for the prediction horizon
N = 7. Note that the current that corresponds to time step
k is the measured one, while from k + 1 to k + N the currents
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are predicted, assuming the switching sequences shown in
Fig. 5(b).

In the control method introduced here, the control prob-
lem is formulated as a current regulation problem, with
the deviation of the inductor current from its reference
defined as

iL ,err(k) = iL ,ref − iL(k) . (5)

In this paper, two different objective functions are pro-
posed that precisely describe the control problem. In the first
approach, the average value of the current error is penalized,
while in the second one the rms value of the current error is
considered. This allows us to use a shorter prediction horizon.

In the following, the two alternative formulations of the
objective function are described.

1) Average Current Error: At time step k, the average
current error over the prediction interval NTs is given by

iL ,err,avg(k) = 1

NTs

∫ (k+N)Ts

kTs

|iL ,err(t|k)|dt . (6)

Exploiting the fact that the current slope changes only at the
sampling instants and that in between the sampling instants the
slope remains effectively constant,1 the above integral can be
rewritten as

iL ,err,avg(k) = 1

N

k+N−1∑

�=k

|ī L ,err(�|k)| (7)

with ī L ,err(�|k) = (iL ,err(�|k) + iL ,err(� + 1|k))/2.
Based on this, the objective function

Javg(k) =
k+N−1∑

�=k

1

N
|ī L ,err(�|k)| + λ|�u(�|k)| (8)

can be formulated. The second term in (8) penalizes the
difference between two consecutive switching states

�u(k) = u(k) − u(k − 1) . (9)

This term is added to decrease the switching frequency and
to avoid excessive switching. The weighting factor λ > 0
sets the tradeoff between the inductor current error and the
switching frequency. In [28], some guidelines for tuning the
weighting factor are given. Furthermore, it should be noted
that the switching frequency varies depending on the operating
point of the converter. The sampling interval Ts serves as an
upper bound on the switching frequency, i.e., fsw < 1/(2Ts);
regardless of the operating point, the switching frequency is
lower than half the sampling frequency.

2) RMS Current Error: The rms value of the current error
over the prediction interval is equal to

iL ,err,rms(k) =
√

1

NTs

∫ (k+N)Ts

kTs

(
iL ,err(t|k)

)2
dt (10)

with the current error as given in (5). This expression is

1Strictly speaking, the current slope is constant only for modes “1”, “2”,
and “4”. For mode “3”, when the converter transitions from CCM to DCM,
the slope is constant for τ1, while for τ2 it is zero. However, the error resulting
from the approximation given by (7) is negligible.

equivalent to

iL ,err,rms(k) = 2

3N

k+N−1∑

�=k

2(ī L ,err(�|k))2 − ĩ L ,err(�|k) (11)

with ĩ L ,err(�|k) = (iL ,err(�|k) · iL ,err(� + 1|k))/2.
Based on (11), the objective function for the rms current

error-based approach is formulated as

Jrms(k) =
k+N−1∑

�=k

2

3N

(
2(ī L ,err(�|k))2 − ĩ L ,err(�|k)

)

+ λ(�u(�|k))2. (12)

D. Optimization Problem

Subsequently, for both approaches, an optimization prob-
lem is formulated and solved. The control input in both
cases is obtained by minimizing the corresponding objective
function—(8) or (12)—subject to the converter model at each
sampling instant

U∗(k) = arg min J†(k)
subject to eqs. (3), (4)

(13)

where J† denotes the objective function to be minimized,
which is either Javg or Jrms.

The optimization problem (13) is solved using an enumera-
tion strategy. All possible combinations of the switching state
(u = 0 or u = 1) over the prediction horizon N are enu-
merated, yielding the so-called switching sequences U . There
exist 2N switching sequences. For each switching sequence,
the evolution of the variables of concern is calculated using (3)
and (4), and the objective function is evaluated. The switching
sequence that results in the minimum cost is chosen as the
optimal one, U∗.

E. Outer Loop

The reference current for the inner loop is derived from
the outer loop based on a feed-forward scheme, using the
power balance equation Pin = Pout. Assuming that the power
switches are ideal, the following expression for the desired
current results:

IL ,des = Vs

2RL
−

√
√
√
√

(
Vs

2RL

)2

− V 2
o,ref

RRL
. (14)

In the above equation, small-ripple approximation is used [26],
i.e., vs ≈ Vs and vo,ref ≈ Vo,ref.

To further improve the transient response of the output volt-
age, a term proportional to the voltage error, i.e., vo,ref − vo, is
added to (14). Hence, the reference inductor current is given
by

IL ,ref = IL ,des + h(Vo,ref − vo) (15)

with h ∈ R
+. In (15), the small-ripple approximation is used

again.
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F. Load Variations

So far, the load has been assumed to be time invariant and
known. In the vast majority of the applications, however, this
is not the case; the load typically varies in an unknown way,
resulting in a model mismatch and therefore in a steady-state
output voltage error. To overcome this, an additional external
loop that provides state estimates needs to be designed. In
addition, this loop will adjust the current reference so as to
remove the steady-state error between the inductor current and
its reference.

Even though a PI-based loop might suffice to meet the
two objectives mentioned above, in this paper a discrete-time
Kalman filter [29] is implemented, similar to [17]. Thanks to
its integrating nature, the Kalman filter provides offset-free
output voltage tracking, while not being operating point
dependent.

The model of the converter given by (3) and (4) is aug-
mented by two integrating disturbance states, ie and ve, that
model the effect of load variations on the inductor current
and the output voltage, respectively. Hence, the Kalman filter
estimates the augmented state vector

xa = [
iL vo ie ve

]T (16)

consisting of the measured state variables, iL and vo, and the
disturbance states. Starting from (3a) and (4), the stochastic
discrete-time state equation of the augmented model is

xa(k + 1) = Ezaxa(k) + Fzavs(k) + ξ(k) (17)

with z = {1, 2, 3, 4}, corresponding to the four modes of
operation.

The measurement equation is given by

x(k) =
[

iL(k)
vo(k)

]

= Ga xa(k) + ν(k) . (18)

The matrices are

E1a =
[

E1 0
0 1

]

, E2a =
[

E2 0
0 1

]

, E3a =
[

E2,3 0
0 1

]

E4a =
[

E3 0
0 1

]

, F1a = F2a =
⎡

⎣
F
0
0

⎤

⎦, F3a =
⎡

⎣

τ1
Ts

F
0
0

⎤

⎦

F4a = [
0 0 0 0

]T
, Ga = [

1 1
]

(19)

where 1 is the identity matrix of dimension two, and 0 are
square zero matrices of dimension two. The process noise is
denoted by ξ ∈ R

4 and the measurement noise by ν ∈ R
2.

Both of the noise disturbances represent zero mean, white
Gaussian noise sequences with normal probability distribu-
tions. The process noise covariance matrix is positive semi-
definite and it is given by E[ξξT ] = Q. The measurement
noise covariance matrix is given by E[ννT ] = R, and it is
positive definite.

With the augmented converter model (17), a switched
discrete-time Kalman filter can be implemented. Since
the state update for each operating mode is different, the
respective Kalman gains are different. Hence, four unique
Kalman gains Kz , with z = {1, 2, 3, 4}, need to be calculated
and implemented.

Algorithm 1 MPC Algorithm

function u∗(k) = MPC (x̂(k), u(k − 1))
J ∗

† (k) = ∞; u∗(k) = ∅; x(k) = x̂(k)
for all U over N do

J† = 0
for � = k to k + N − 1 do

x(� + 1) = f†(x(�), u(�))
iL ,err,†(�) = g†(x(�), x(� + 1))
�u(�) = u(�) − u(� − 1)
J† = J† + iL ,err,†(�) + λ|�u(�)|p

end for
if J† < J ∗

† (k) then
J ∗

† (k) = J†, u∗(k) = U(1)
end if

end for
end function

The state equation of the estimated augmented state x̂a(k)
is given by

x̂a(k + 1) = Eza x̂a(k) + Kz Ga
(
xa(k) − x̂a(k)

) + Fzavs(k) .
(20)

The Kalman gains are calculated based on the noise covari-
ance matrices, Q and R. These matrices are chosen such that
high credibility is assigned to the measurements of the physical
states (iL and vo), and low credibility to the dynamics of the
disturbance states (ie and ve). Therefore, the Kalman filter
provides estimates of the disturbances that can be used to
remove their influence from the output voltage and inductor
current. The estimated disturbance state v̂e is used to adjust
the output voltage reference vo,ref

ṽo,ref = vo,ref − v̂e . (21)

Hence, in (14) and (15) the modified voltage reference ṽo,ref
is taken into consideration, instead of the given value vo,ref.

Following the same procedure, the inductor current ref-
erence iL ,ref is adjusted using the corresponding estimated
disturbance state îe

ĩ L ,ref = iL ,ref − îe . (22)

In addition, the controller is based on the estimated states
v̂o and î L , rather than on the measured ones, vo and iL .

G. Control Algorithm

The proposed control technique is summarized in
Alg. 1. The function f† stands for the state update given
by (3), and g† refers to the function that calculates the
current error according to (7) or (11). For the average current
error-based approach, p = 1 is used, whilst for the rms current
error-based one, p = 2 is chosen. In Fig. 6, the control dia-
gram of the proposed control strategy including both loops is
depicted.

IV. SIMULATION RESULTS

In this section, simulation results are presented demonstrat-
ing the dynamical performance of the proposed controller.
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Fig. 6. Control diagram of the proposed MPC strategy.

Fig. 7. Simulation results for the step-down change scenario. (a) Inductor
current for the first (solid line: average current error-based) and the second
(dashed line: rms current error-based) approach, along with the inductor
current reference (dotted line). (b) Pulses for the first (solid line) and the
second (dashed line) approach.

The simulations focus on the new MPC strategy for the current
loop and its dynamical properties; we chose to refrain from
showing the behavior of the whole system, to not obstruct
the dynamical analysis. Thus, for both approaches the same
scenario is examined, namely a step-down change in the
inductor current reference. The behavior of the converter in
both CCM and DCM is examined.

The circuit parameters are L = 450 μH, RL = 0.3 �, and
Co = 220 μF. The load resistance is assumed to be known
and constant for all operating points; it is equal to R = 73 �.
Initially, the input voltage is vs = 10 V, while the output
reference voltage is set equal to vo,ref ≈ 26.6 V, corresponding
to the reference inductor current iL ,ref = 1 A. Regarding the
objective function, the weighting factor is tuned in such

Fig. 8. Output voltage error vo,err and the corresponding switching frequency
fsw versus the weighting factor λ for the average current error-based (blue)
and the rms current error-based (red) approach when the converter operates
under nominal conditions.

a way that the switching frequency in both approaches is
approximately the same, i.e., λ = 0.2 for the first approach
and λ = 0.4 for the second. The prediction horizon is N = 5,
and the sampling interval is Ts = 2.5 μs.

The converter initially operates under nominal conditions.
At time t = 0.2 ms, a change to the inductor current refer-
ence from iL ,ref = 1 A to iL ,ref = 0.2 A occurs. As can be
seen in Fig. 7, for both approaches, the inductor current
reaches very quickly the new desired level. The switch-
ing frequency is about fsw ≈ 20 kHz. Since the operating
points and the corresponding switching frequencies are the
same in both approaches, the current ripples observed are
identical.

The main difference between the two proposed approaches
can be observed in Fig. 8, which relates to the converter
operating under nominal and steady-state conditions. The
impact of varying the weighting factor λ is investigated. The
corresponding output voltage error, given by

vo,err =

√
√
√
√
√

1

N

(
N∑

k=1

vo,ref − vo(k)

)2

(23)

and the switching frequency fsw are depicted. As can be seen,
the average current error-based approach results in a lower
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Fig. 9. Experimental results for nominal start-up with MPC. (a) Output
voltage. (b) Inductor current.

Fig. 10. Experimental results for nominal start-up with a PI controller.
(a) Output voltage. (b) Inductor current.

switching frequency with zero tracking error, which means
that lower switching losses can be achieved with this approach.
On the other hand, the rms current error-based approach leads
to higher switching frequencies, when λ is very small, due to
the quadratic penalty. Such high switching frequencies tend to
result in even faster transient responses.

V. EXPERIMENTAL RESULTS

To verify the dynamic behavior of the closed-loop system
and to highlight the potential advantages of this novel MPC

Fig. 11. Experimental results for a step-up change in the output voltage
reference with MPC. (a) Output voltage. (b) Inductor current.

Fig. 12. Experimental results for a step-up change in the output voltage
reference with a PI controller. (a) Output voltage. (b) Inductor current.

approach, the control algorithm was implemented on a dSpace
real-time system. A boost converter was built using an IRF620
MOSFET and a MUR840 diode as active and passive switches,
respectively. The physical values of the circuit parameters are
the same as those given in Section IV, i.e., L = 450 μH,
RL = 0.3 �, and Co = 220 μF. The nominal conditions refer
to an input voltage of vs = 10 V and a load resistance of
R = 73 �. If not otherwise stated, the output voltage reference
is vo,ref = 15 V. Hall effect transducers were used to acquire
the voltage and inductor current measurements.
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Fig. 13. Experimental results for a ramp change in the input voltage with
MPC. (a) Input voltage. (b) Output voltage. (c) Inductor current.

The control algorithm was implemented on a dSpace
DS1104 real-time system. The proposed MPC strategy is exe-
cuted every Ts = 15 μs and a prediction horizon of three steps
is used (N = 3). The weighting factor in the objective function
is set to λ = 0.4. Depending on the tuning of λ, both control
approaches yield similar results, as shown in the previous
section. Therefore, it suffices to present the dynamic behavior
of only one methodology. This section focuses on the average
current error-based approach. Regarding the Kalman filter, the
covariance matrices are chosen as Q = diag(0.1, 0.1, 50, 50)
and R = diag(1, 1).

A. Start-Up

First, the dynamic behavior of the converter during start-
up and nominal conditions is investigated. As can be seen
in Fig. 9(b), the inductor current quickly increases to charge
the capacitor to the desired voltage level. The output voltage
reaches its reference in t ≈ 3 ms with a small overshoot, see
Fig. 9(a). After the transient, the inductor current reaches its
nominal value and the converter operates in DCM.

For comparison purposes, a conventional proportional-
integral (PI) controller has been implemented, using the same

Fig. 14. Experimental results for a ramp change in the input voltage with a
PI controller. (a) Input voltage. (b) Output voltage. (c) Inductor current.

outer loop as MPC. The respective voltage and current wave-
forms are shown in Fig. 10. As can be seen, the overshoot in
the output voltage in Fig. 10(a) results in a significantly longer
settling time compared with MPC of about t ≈ 8 ms.

B. Step Change in the Output Reference Voltage

Next, a step-up change in the reference of the output voltage
is considered. At time instant t ≈ 4.5 ms, the output voltage
reference steps up from its initial value, i.e., from vo,ref = 15 V
to vo,ref = 30 V, see Fig. 11. As previously, the inductor
current rapidly increases (Fig. 11(b)) so as to charge the
capacitor to the new desired level. Initially, the output voltage
briefly decreases due to the nonminimum phase characteristic
of the system, before it increases, see Fig. 11(a), reaching its
reference value without an overshoot occurring. The transient
lasts for about t ≈ 3.5 ms.

On the other hand, when a PI controller is employed, the
settling time increases as can be seen in Fig. 12. When the
step-up change in the reference voltage occurs at t ≈ 4.5 ms,
the current does not significantly increase to quickly charge the
capacitor to the new desired level (Fig. 12(b)). Thus, the output
voltage reaches its new demanded value in about t ≈ 10 ms,
see Fig. 12(a).
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Fig. 15. Experimental results for a step change in the load with MPC.
(a) Output voltage. (b) Inductor current.

C. Ramp Change in the Input Voltage

For the third case, a ramp change in the input voltage is
imposed, starting at t ≈ 16 ms and lasting until t ≈ 38 ms,
as can be seen in Fig. 13(a). The input voltage is manually
increased from vs = 10 V to vs = 13.5 V, while the output
voltage reference is vo,ref = 30 V. The effects on the output
voltage and the inductor current are shown in Figs. 13(b) and
13(c), respectively. During this interval, the inductor current
decreases until it reaches its new nominal value. The output
voltage is not affected by the change in the input voltage and
remains equal to its reference value.

The dynamical behavior of the system is examined under
the same conditions when controlled by a PI controller. At
t ≈ 10 ms, the input voltage starts to increase until t ≈ 40 ms,
when it reaches its final value vs = 13.5 V. The system
response is shown in Fig. 14, showing that the PI controller
requires about t ≈ 10 ms to eliminate the steady-state error.

D. Load Step Change

Finally, a step-down in the load resistance is examined. At
t ≈ 4.5 ms the load resistance is halved, from its nominal
value of R = 73 � to R = 36.5 �. In Fig. 15, the closed-
loop performance of the converter is depicted. The Kalman
filter adjusts both the output voltage and the inductor current
references. The average value of the current is instantaneously
doubled, see Fig. 15(b), while a small undershoot in the output
voltage is observed during the transient, see Fig. 15(a). When
the converter reaches steady-state operation, a zero steady-
state error is achieved thanks to the integrating character of
the Kalman filter.

However, when a PI controller is used, the transient lasts
longer and the voltage response is weakly dampened, indi-
cating that the tuning of the PI controller is fairly aggressive,

Fig. 16. Experimental results for a step change in the load with a PI controller.
(a) Output voltage. (b) Inductor current.

see Fig. 16. The load resistance is stepped down at t ≈ 4.5 ms,
while the converter settles at the new operating point after
about t ≈ 7 ms.

VI. CONCLUSION

In this paper, two different MPC approaches based on enu-
meration were introduced for the dc–dc boost converter. The
implementation of MPC as a current controller (rather than a
voltage controller) enables the use of a relatively short predic-
tion horizon, requiring less computational power. In addition,
an adequate estimation scheme based on a Kalman filter was
implemented to address model uncertainties. The performance
of the proposed methods is compared via simulations. Both
MPC approaches yield a similar behavior during transients,
with very fast dynamics. In addition, experimental results,
for the average current error-based approach, are provided,
validating the effectiveness of the proposed controller and
a high degree of robustness to parameter variations. These
benefits outweigh the drawbacks, which arise from the variable
switching frequency.
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[26] R. W. Erickson and D. Maksimović, Fundamentals of Power Electronics,
2nd ed. Norwell, MA, USA: Kluwer, 2001.

[27] A. Bemporad and M. Morari, “Control of systems integrating logic,
dynamics and constraints,” Automatica, vol. 35, no. 3, pp. 407–427,
Mar. 1999.

[28] P. Cortés, S. Kouro, B. La Rocca, R. Vargas, J. Rodríguez, J. I. León,
S. Vazquez, and L. G. Franquelo, “Guidelines for weighting factors
design in model predictive control of power converters and drives,” in
Proc. IEEE Int. Conf. Ind. Technol., Gippsland, Australia, Feb. 2009,
pp. 1–7.

[29] G. Pannocchia and J. B. Rawlings, “Disturbance models for offset-
free model-predictive control,” AIChE J., vol. 49, no. 2, pp. 426–437,
Feb. 2003.

Petros Karamanakos (S’10) received the Diploma
and Ph.D. degrees in electrical and computer engi-
neering from the National Technical University of
Athens, Athens, Greece, in 2007 and 2013, respec-
tively.

He was with the ABB Corporate Research Center,
Baden-Dättwil, Switzerland, from 2010 to 2011. In
2013, he joined the Institute for Electrical Drive
Systems and Power Electronics, Technische Univer-
sität München, Munich, Germany. His main research
interests lie at the intersection of optimal control

theory and power electronics, including model predictive control for power
electronics converters and ac drives.

Dr. Karamanakos was a recipient of the First Prize Paper Award of the
Industrial Drives Committee at the 2012 IEEE Energy Conversion Congress
and Exposition.

Tobias Geyer (M’08–SM’10) received the Dipl.-
Ing. and Ph.D. degrees in electrical engineering from
ETH Zurich, Zurich, Switzerland, in 2000 and 2005,
respectively.

He was with the High Power Electronics Group
of GE’s Global Research Centre, Munich, Germany,
from 2006 to 2008, where he focused on control
and modulation schemes for large electrical drives.
Subsequently, he spent three years at the Depart-
ment of Electrical and Computer Engineering, The
University of Auckland, Auckland, New Zealand,

where he developed model predictive control schemes for medium-voltage
drives. In 2012, he joined ABB’s Corporate Research Centre, Baden-Dättwil,
Switzerland. His research interests are at the intersection of power electronics,
modern control theory and mathematical optimization. This includes model
predictive control and medium-voltage electrical drives.

Dr. Geyer was a recipient of the Second Prize Paper Award at the 2008
IEEE Industry Applications Society Annual Meeting and the First Prize Paper
Award at the 2012 IEEE Energy Conversion Congress and Exposition. He
serves as an Associate Editor of the Industrial Drives Committee of the IEEE
TRANSACTIONS ON INDUSTRY APPLICATIONS and an Associate Editor for
the IEEE TRANSACTIONS ON POWER ELECTRONICS.

Stefanos Manias (M’85–SM’92–F’05) received the
B.Eng., M.Eng., and Ph.D. degrees in electrical
engineering from Concordia University, Montreal,
QC, Canada, in 1975, 1980, and 1984, respectively.

He joined Canadian Broadcasting Corporation,
Ottawa, ON, Canada, in 1975, where he was respon-
sible for the design of radio and television automa-
tion systems. In 1989, he joined the Department
of Electrical and Computer Engineering, National
Technical University of Athens, Athens, Greece. He
is currently a Full Professor, teaching and conduct-

ing research in the area of power electronics and motor drive systems. He is
the author of more than 80 IEEE and IEE publications in power electronics
and motor drive systems.

Dr. Manias is the Chapter Chairman and Founder of the IEEE Greece
Section IAS-PELS-IES and a member of the IEEE Motor Drives Committee.
He is a Registered Professional Engineer in Canada and Europe.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


