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Abstract

This paper proposes a model predictive control (MPC) scheme for the interleaved dc-dc boost converter
with coupled inductors. The main control objectives are the regulation of the output voltage to its refer-
ence value, despite changes in the input voltage and the load, and the equal sharing of the load current by
the two circuit inductors. An inner control loop, using MPC, regulates the input current to its reference
that is provided by the outer loop, which is based on a load observer. Simulation results are provided to
highligr})lt the performance of the proposed control scheme.

Introduction

Nowadays, demanding high power applications that require high current are in widespread use. However,
the conventional boost converter is not suitable for high step-up dc-dc conversion because of its high duty
cycle, hard switching operation and output diode reverse-recovery problem. Despite the fact that dc-dc
power conversion is a mature technology used in numerous applications [1], new topologies are required
that allow current sharing, which is highly demanded in ordgr to avoid inductor saturation, degraded
converter performance, and uneven thermal stresses. In [2], a novel dc-de boost converter is proposed
with two coupled inductors, which exploits the benefits of continuous (CCM) and discontinuous (DCM)
conduction modes: the converter operates in CCM, with respect to the input current, resulting in a
reduced input current ripple. On the other hand, zero boost-rectifier reverse-recovery losses are achieved,
when considering the currents of the individual converter legs, since these legs operate in DCM.

When designing controllers for boost converters, it is common practice to use an outer voltage control
loop and an inner current loop; the inner control loop drives the input current to a desired reference, which
is derived by the outer loop that regulates the output voltage to its reference value. If the control loops are
properly designed then the voltage regulation is achieved, while the controller rejects all disturbances.
Furthermore, a controller applied to the interleaved converter should aim to distribute equally the input
current between the two in({)uctors.

In this pa%er, the current regulation problem is solved by adopting model predictive control (MPC) [3,
4]. An objective function wherein the user has the flexibility to weigh competing interests such as
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Figure 1: (a) Topology of the interleaved dc-dc boost converter with coupled inductors and (b) the equivalent
circuit.

voltage and/or current tracking, switching frequency, etc, is formulated based on the mathematical model
of the converter, and it is minimized over a prediction horizon of finite length in time. Furthermore,
hysteresis bounds used as soft constraints [5—9], and switching constraints, imposed as hard constraints,

are implemented so as to achieve the favorable performance of the converter examined'. The underlying
optimization problem is solved in real-time. The sequence of control inputs that results in the best
predicted performance of the plant is considered to be optimal, and the first element of this sequence
1s applied to the converter. In order to provide feedback, the so-called receding horizon strategy is
employed: the remaining elements of the optimal sequence are discarded, the horizon is shifted by one
sampling interval, and the procedure is repeated at the next sampling instant, using new measurements.
Finall t%]e reference of the current is derived from an outer loop using a power balance expression, while
a load observer is employed for estimating the load current. This outer loop serves solving the voltage
regulation problem.

The proposed approach has several benefits, such as inherent robustness and very fast transient response.
Furtlgermore, the tuning is simple due to the straightforward controller design process. However, the
computational burden can become high as the prediction horizon increases; this makes the real-time im-
Elementation of the controller challenging. This problem is solved with the proposed method: firstly, the

ard constraints reduce the number of the feasible paths, i.e. the switching paths that meet the switching
constraints; the respective number of calculations decreases. Most importantly, the control problem is
treated as a current regulation problem [10], not a voltage regulation problem [11]. This implies that only
a relatively short horizon is required, since the current exhibits minimum-phase behavior with respect to
the control input [1].

Mathematical Model

The topology of the interleaved dc-dc boost converter with coupled inductors is shown in Fig. 1(a). It
consists of the two coupled inductors L; and L;, whose windings have the same orientation. As shown
in [2], the equivalent circuit of the coupled inductors can be represented by three uncoupled inductors

(see Fig. 1(b)), where L) and L), are the leakage inductances of the two inductors, and L,, is the mutual
inductance, given by

L\=Li—L, (1a)
Ly=L,—L, (1b)
Ly =kVLiL;, (Ic)

where £ is the coupling coefficient.

The possible switching combinations of the converter are: 515, = 10, $1.5; = 00 and S5, = 01, where
“0” denotes the off state and “1” the on state of the power semiconductors. It is not allowed to turn both
switches on simultaneously to facilitate current sharing between the inductors (first switching constraint).
When switching from §15; = 10 to the complementary state S15; = 01, or vice versa, switching via
S18; = 00 is a mandatory intermediate step (second switching constraint).

Considering the inductor currents iz, (¢), iz, (¢) and the output voltage v,(¢) as the independent states of

the converter, the state vector is defined as x(¢) = [if, (¢) iz, (t) v,(¢)]”. The system is described by the
following affine equations, depending on the switch positions and the operating modes of the individual

ISoft constraints are these control related constraints that can be violated, but the degree of violation is weighted by a
constant, while hard constraints are these constraints that cannot be violated under any circumstances.
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Figure 2: Basic operating modes and current paths of the interleaved dc-dc boost converter with coupled inductors.

converter legs (see Fig. 2)

Blw(t) Si=1& (Sz =0& iLz(l‘) = O) Mode “1”
dx(t) ) Ax()+Biw(t)  S1=0& (S, =08&in(1)=0) Mode “2” 0
dr ) Bowl(r) S$=1& (S5 =0&is,(t)=0) Mode “3”
Asx(t) +Bow(t) S, =08& (S; =0& i, (t)=0) Mode “4”

where w(t) = [vy(t) i,(2)]7 is the vector of the disturbances, which are the input voltage () and the
load current i, (). The matrices 41, 4,, B; and B; are given by

00—Li1 00 0 rll 0 0 0
A1=10 0 0 |, 4=|0 0 —2£ B=]0 0 |,andB=|g O
1 1 1 1
=00 =00 0 —& 0 —&

The switches S| and S, are modeled using the binary variables u;,u; € {0,1}. Due to the fact that the
individual converter legs operate in DCM, two current paths correspond to the same switching combi-
nation S1.5> = 00 (modes “2” and “4” shown in Figs. 2(b) and 2(d), respectively). Furthermore, two

additional auxiliary binary variables dayy, ,daux, € {0,1} are introduced to model the switching state of
the diodes [12]. When dyux, = 1, with n € {1,2}, the nth leg of the converter operates in CCM (S, = 1 or
Sy =0and i, (z) > 0); when dyux, = 0 the nth leg operates in DCM (S,, = 0 and iz (¢) < 0), see Fig. 3.

The MPC controller is based on a discrete-time state-space model of the converter; this is derived by
combining (2) into one continuous-time non-linear expression and discretizing it using the forward Euler
approximation approach. This yields

x(k+1) = (I+ T T4 To(u) Ty ) x(k) + AT,w(k) (3)
where u = {uy, up} is the input vector, with u; and u, referring to the switching state of S} and S,
respectively, and I'} = daux, 41 + daux, 42,12 = —u1A; —urAs and A = dyyx, B1 + daux, B2. Furthermore, I
denotes the identity matrix, and 7 is the sampling interval. Finally, by introducing the matrix

c=[0 0 1],

the output of the system is defined as

y(k) = Cx(k) )



Figure 3: Dc-dc interleaved converter with coupled inductors presented as an automaton driven by conditions.

Model Predictive Control

The control objective of the interleaved converter with coupled inductors is twofold. First, an output
voltage equal to a predefined value is to be achieved, despite measurable changes in the input voltage
and unmeasurable variations in the load. The second objective is to achieve equal current sharing among
the parallel legs of the converter. Both objectives are of equal importance. The structure of the proposed
control scheme is illustrated in Fig. 4. It consists of an inner current control loop and an outer voltage
regulation loop.

Outer Voltage Control Loop

Regarding the voltage regulation problem, a power balance expression is used and a load observer is
em loye(% to estimate the %oad current. Specifically a second order Luenberger observer is designed [8] in
order to decouple the controller design from the load characteristics [13]. Using an observer to estimate—
rather than measure—the load current also contributes to hardware-related cost reduction. The observer
estimates the value of the load current, 7,, according to

Xe(k+1) = FX.(k) + G(u) + Hy,(k) (5a)
Ve (k) - MAe(k) (5b)

where X, = [fo \90]T is the observed state vector, consisting of the load current i, and output voltage 7,.
The term y, represents the error between the measured and the observed value of the output variable of
the system y,, which is the output voltage, i.e. y. = v,, and H = [hy h,]” describes the constant observer
gain. The matrices F', G and M are

1 0 0 0
F= _L 1 ) G = T;' iLl(l_ul)dauxl iLz(l_MZ)dauxz ’ and M= [O 1] .
G C, Cy

Hence, the controller is based on the estimated value of the load current i,, rather than the measured one
iy.

In order to calculate the current reference of the inner control loop, the power balance of the converter,
i.e. P, = P,,, is taken into account. It assumes that the power switches and the inductors are ideal, in
a first approximation. Using small-ripple approximation [1], i.e. v & Vs, Vo ref =V, ref and i, = I, the
reference current is derived:

Vo,refl o

IL,ref = Vv, . (6)

Inner Current Control Loop

The inner controller is designed in the MPC framework, manipulating the switches S; and S>. An
objective function is formulated over a finite horizon, and hard and/or soft constraints are imposed.
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Figure 4: Block diagram of the proposed model predictive control (MPC) scheme.

At each sampling instant, the objective function is minimized subject to the constraints and the con-
verter dynamics over the optimization variable, i.e. the sequence of switching states over a finite horizon

U(k) = [u(k) u(k+1)...u(k+N—1)]T. The first value u*(k) of the derived optimal sequence U* is

applied to the converter, and the procedure is repeated at the next sampling instant based on the receding
horizon strategy already explained.

In the following, the constraints that are imposed on the converter are introduced. Apart from the
switching constraints mentioned in the previous section, hysteresis bounds are employed; these are
soft constraints. They penalize the deviation of the input current, i.e. the sum of the inductor currents

ir(k) = ir, (k) +ir,(k), from its reference. The weighted amount of the bound violation is described by
the slack variable e(k) [14] given by

Pa (iL (k) _IL,max) if iL 2 IL7max
e(k> =1 Pa (IL,min —ir (k)) ifip, < IL7min (7
b ir (k) — I, ref] otherwise

where p,, p, € RT are the weighting factors of the soft constraints, while the terms , 1max and Iy min are
specified as a percentage of the reference current /7 ref.

An objective function is chosen that penalizes the evolution of the error over the finite horizon N using
the 1-norm (sum of absolute values). In addition, the switching transitions are penalized and weighted

by the factor p. € R in order to decrease the switching frequency and to avoid excessive switching:

k+N—1

J =" (lle(e+ 1)l +pellu(®) — u(=DIJ1). (®)

=k

Finally the control input, i.e. the optimal sequence of switching states, is obtained by minimizing (8),
subject to the discrete-time state-space model of the converter, as well as the current and the switching
constraints.

U*(k) = argminJ (k)

subject to eq. (3), (4), (7) and switching constraints ©)

Performance Evaluation

Using the equivalent circuit of the converter, the performance of the proposed control scheme is investi-
gated. Concerning the converter parameters, the coupled inductors are L; = L, = 0.91 mH, the coupling
coefficient is £ = 0.93, and the filter capacitance is C, = 220 yF. The input voltage is vy = 20V, the load
resistance is R = 75€2, and the reference of the output voltage is set to V,, rof = 45 V. Finally, the sampling
interval is 7y = 20 us. With regards to the objective function, the factor p, is chosen to be p, > pp in
order to penalize more heavily the violation of the current bounds, while p. sets the trade-oft between
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Figure 5: Simulation results for nominal start-up with MPC: (a) Output voltage (solid line) and reference volt-
age (dash-dotted line), (b) inductor currents iz, (solid line) and iz, (dashed line), (c) input current, and (d) the
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Figure 6: Simulation results for nominal start-up with a PI controller: (a) Output voltage (solid line) and reference
voltage (dash-dotted line), (b) inductor currents iy, (solid line) and iz, (dashed line), (c) input current, and (d) the
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the inductor current error and the switching frequency. Thus, the weighting factors heuristically chosen
are p, =35, pp = 0.01 and p. = 0.1. The current bounds are I max = 1.1/} rer, and 17 min = 0.9 rer. The

prediction horizon is N = 5.

The controller enumerates all the switching sequences that meet the switching constraints within the
horizon to predict the evolution of the error e(k). The switching sequence that minimizes the objective
function (8) is chosen, and the first element of this sequence, the switching states at time-step £, is applied

to the converter.
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Figure 7: Simulation results for a step-down change in the input voltage with MPC: (a) Output voltage (solid
line) and reference voltage (dash-dotted line), (b) inductor currents i, (solid line) and iz, (dashed line), (c) input
current, and (d) the corresponding switching states of S; (solid line) and S (dashed line).
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Figure 8: Simulation results for a step-down change in the input voltage with a PI controller: (a) Output voltage
(solid line) and reference voltage (dash-dotted line), (b) inductor currents iz, (solid line) and iy, (dashed line), (c)
input current, and (d) the corresponding switching states of S| (solid line) and S (dashed line).

Nominal Start-Up

The first case to be examined is that of the nominal start-up. As can be seen in Fig. 5, the inductor
currents increase until the capacitor is charged to the desired voltage level. The high transient current
observed in Fig. 5(c) is required to achieve a very fast voltage response. The output voltage (Fig. 5(a))
reaches its reference value in about 7 ~ 2ms, with no overshoot. Once the transient phenomenon has
occurred, the inductor currents (Fig. 5(b)) reach their nominal values and the output voltage remains
constant at the desired level.

For comparison purposes, a conventional proportional-integral (PI) controller has been implemented (the
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Figure 9: Simulation results for a step-up change in the output voltage reference with MPC: (a) Output voltage
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Figure 10: Simulation results for a step-up change in the output voltage reference with a PI controller: (a) Output
voltage (solid line) and reference voltage (dash-dotted line), (b) inductor currents iy, (solid line) and i;, (dashed
line), (c) input current, and (d) the corresponding switching states of S; (solid line) and S (dashed line).

outer loop is the same). The respective voltage and current waveforms are shown in Fig 6. An overshoot
of around 5% is observed in the output voltage (Fig 6(a)), resulting in a higher settling time compared to
MPC, i.e. about # ~ 5.5ms.

Step Change in the Input Voltage

Operating at the previously attained operating point, the input voltage is changed in a step-wise manner.
In Fig. 7 the closed-loop performance of the converter is depicted. At time # = 2ms the input voltage is
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Figure 11: Simulation results for a step-down change in the load with MPC: (a) Output voltage (solid line) and
reference voltage (dash-dotted line), (b) inductor currents iz, (solid line) and iz, (dashed line), (c) input current,
and (d) the corresponding switching states of S; (solid line) and S, (dashed line).
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Figure 12: Simulation results for a step-down change in the load with a PI controller: (a) Output voltage (solid
line) and reference voltage (dash-dotted line), (b) inductor currents i, (solid line) and 77, (dashed line), (c) input
current, and (d) the corresponding switching states of S| (solid line) and S, (dashed line).

decreased from vy, = 20V to vy = 15 V. The inductor current instantanecously increases to its new nominal
value (Fig. 7(c)), while the output voltage remains practically unaffected (Fig. 7(a)), with no significant
undershoot observed. As can be seen the controller settles very quickly at the new steady-state operating
point.

In Fig. 8 the response of the system when controlled by a PI controller is shown. Since controllers of
this type are usually tuned to achieve optimal performance only over a narrow operating range, outside
this range the performance is significantly deteriorated. This can be clearly seen in Fig. 8(a), where the
output voltage after an undershoot reaches its reference value in about # =~ 50 ms.



Step Change in the Output Reference Voltage

Next, a step-up change in the reference of the output voltage is considered (see Fig. 9). Attime t = 4ms,
the output voltage reference changes from V, ot =45V to V,, ;e = 55V. The controller instantaneously
increases the current (Figs. 9(b) and 9(c)) to quickly ramp up the output voltage (Fig. 9(a)). The controller
exhibits an excellent behavior during the transient, reaching the new output voltage in about # &~ 6ms,
without any overshoot.

However, when a PI controller is used (Fig. 10) the transient lasts longer. The current does not signif-
icantly increase to fast charge the ca]facitor to the new desired level (Figs. 10(b) and 10(c)); the output
voltage reaches its new demanded value in about ¢ ~ 40 ms.

Load Step Change

The last case examined is that of a step-down change in the load resistance, see Fig. 11. Attime # = 3ms
the load decreases from R = 75Q to R = 50Q. The proposed MPC strategy manages to adjust to the
non-nominal operating conditions; the system reaches the new operating point VerK quickly in about
t =~ 1ms (Fig. 11(a)). On the other hand when a PI controller is employed (Fig. 12), the converter settles
at the new operating point in about ¢ ~ 65ms (Fig. 12(a)).

Conclusions

This paper proposes a model predictive current controller for the interleaved dc-de boost converter with
coupled inductors, which shows very fast dynamic responses. An objective function is formulated us-
ing model predictive control (MPC), while hard constraints for the switchings and soft constraints for
the input current (sum of the inductor currents) are employed in order to achieve the control objectives.
The introduced strategy achieves robustness for the entire operating range. Furthermore, the controller
achieves equal current distribution, and exploits the benefits of both continuous (CCM) and discontin-
uous (DCM) conduction modes. These advantages overshadow the inherent drawbacks of the method,
such as the computational complexity and the variable switching frequency. Nonetheless, the 1mplemen-
tation of MPC as a current controller enables the use of a relatively short prediction horlzon allowing
a decrease in the computational burden. Simulation results demonstrate the high performance of the
proposed methodology.
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