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Abstract—This paper presents a model predictive control converters. MPC was developed in the 1970s in the process
(MPC) approach for dc-dc boost converters. A discrete-time control industry, and has recently been introduced to thé fie
switched non-linear (hybrid) model of the converter is derived, of power electronics, including three-phase dc-ac andcac-d

which captures both the continuous and the discontinuous ¢e
duction mode. The controller synthesis is achieved by formiating ~ SYStems [15]-[20], as well as dc-dc converters [21]-{30].

an objective function that is to be minimized subject to the nodel In MPC the control action is obtained by solving on-
dynamics. The proposed MPC strategy, utilized as a voltage- line at each time-step an optimization problem with a given

mode controller, achieves regulation of the output voltageto  objective function over a finite prediction horizon, sulbjex
its reference, without requiring a subsequent current contol the discrete-time model of the system and constraints. The

loop. Furthermore, a state estimation scheme is implemendethat timal f trol | s is th that minimi
addresses load uncertainties and model mismatches. Simtiten ~ OPUMal S€quence oF control INputs 1S the one that minimizes

and experimental results are provided to demonstrate the mits ~ the objective function. To provide feedback, allowing one t
of the proposed control methodology, which include a fast cope with model uncertainties and disturbances, only tisé fir

transient response and a high degree of robustness. element of the sequence of control inputs is applied to the

Index Terms—DC-DC boost converter, model predictive con- conyerter. At the next time-step, the optimization problem
trol (MPC), optimal control, voltage control, hybrid system. is repeated with updated measurements or estimates. This

l. INTRODUCTION procedure is known as theceding horizon policy [14].
) In this paper, MPC is employed as a voltage-mode controller

O_VER the_pa_st decades dc-dc conversion hz?\s mat_uri%ql the dc-dc boost converter. The main control objective is

’ Into a ubI.QUIt[OUS t.echnollogy, which is used. In-a W'd?ne regulation of the output voltage to a commanded value,
variety of applications, including dc power supplies and dgpje rejecting the impact of variations in the input vokag
motor drives [1]. Dc-de converters are intrinsically diffit 5, the oad. The discrete-time model of the converter uged b
to cqntrol dl_Je to their swi_tching behavior, consituting the controller is designed such that it accurately prediuts
(continuous-time) switched linear drybrid system. To date, lant behavior both when operating in continuous (CCM) as
a pIethqrg of_control schemes has be_zen proposed to a@'d%éﬁ as in discontinuous conduction mode (DCM). As a result,
these difficulties. These control techniques range froraain the formulated controller is applicable to the whole opiagat
techniques, such as proportional—integra] (PI) contrslbased regime, rather than just to a particular operating point. To
on average models [2], [3] to fuzzy logic [4], [5], and fromaddress time-varying and unknown loads, a Kalman filter is
non-_llr_lear techniques [6], [7] and feedforward control, [5] added that estimates the converter states and provides-offs
to sliding mod_e [_10]’ [11] andio, methods [12]. free tracking of the output voltage due to its integratintjac

Although existing control approaches have been shown §aqite changes in the load [31]. In that way the robustness
be reasonably effective, several challenges have not begnne controller is ensured even when the converter operate
full)_/ addressed yet, such as ease of controller desgni er non-nominal conditions.
tuning, as well as robustn(_ass to load pargmeter variationspgq proposed scheme carries several benefits. The very fast
Furthermore, the computational power available today a'a%amics achieved by MPC, combined with its inherent ro-
the recent theoretical advances with regards to Contg)""Bustness properties, are some of its key beneficial chaiscte
hybrid systems allow one to tackle these problems in a noygls ‘£ thermore, thanks to the fact that the control dbjes

vxiay. gr;e aim1s nottc)nnly to||mprov§| the performa_m(;e of there expressed in the objective function in a straightfodwar
closed-loop system, but to also enable a systematic desijn fhanner, the design process is simple and laborious tuning

implementation procedure. Model predictive control (MRS) is avoided. The inherent computational complexity is the

a part_lcu:larly prom's'gg calnd_lda:tedto achlev_e th!s [r11314][1 most prominent drawback—the computational power required

swce ita (;)WS Ogg to |r§cty ',nC# € CO'LStLa_'QtS int S'gfad ‘i%:reases exponentially as the prediction horizon is edn

phase and to address the switching or hybrid nature of AC-i¢ 4 dress this issue, a move blocking strategy is adop@id [3
P. Karamanakos and S. Manias are with the Department of rEIectWh'C_h results in a significant redL.JCtIOIfl of the computatlons

cal and Computer Engineering, National Technical Univgrsif Athens, required and facilitates the real-time implementation loé t

15780 Zografou, Athens, Greece (e-mail: petkar@centud.gr; ma- controller. Finally, the absence of a modulator and the di-

nias@central.ntua.gr). ipulati f th itch . | sabl
T. Geyer is with ABB Corporate Research, 5405 Baden-DhttSivitzer- rect manipulation of the converter switches imply a vaea

land (e-mail: t.geyer@ieee.org). switching frequency.



i

A Av)

Bug (t) iL(t) >0
da.u.’l; =1 .

Fig. 1. Topology of the dc-dc boost converter.

This paper is organized as follows. In Section Il the
continuous-time model of the converter, suitable for bo@MC
and DCM, is presented. Furthermore, the discrete-time inode
that will be used as the prediction model is derived. The
control problem is stated in Section Ill. In Section IV, the
MPC problem is formulated and solved, using a move blocking Fig. 2. Dec-dc converter presented as a continuous-timenzatt.
scheme and enumeration, and a Kalman filter is added to
address load variations. Section V presents simulationltees y = v,(¢) is given by the output voltage. The system matrices
illustrating the performance of the proposed control appho are
In Section VI, the experimental validation of the introddce _dews Ry _ daus o L
control strategy is provided. The paper is summarized in A = [ ak k ], Ay = {_L (L)},

Section VII, where conclusions are drawn. Co Colt Co

douz T
II. MODEL OF THEBOOST CONVERTER B=| T 0", and C'=[01].

A. Continuous-Time Model The variableu denotes the switch position, with= 1 imply-

The dc-dc boost converter shown in Fig. 1 is a convertdd that the switchS is on, andu = 0 referring to the case
that increases the (typically uncontrolled) dc input wvpéita Where the switcht' is off. Finally, d... is an auxiliary binary
vs(t) to a higher (controlled) dc output voltage(t). The con- Variable [34] that isd,.. = 1 when the converter operates in
verter consists of two power semiconductors—the contol#la CCM, i.e. eitheru =1 or w =0 andi.(¢) > 0. When the
switch S, and the diodeD. The inductorL with the internal converter operates in DCM, i.e.= 0 andi.(t) =0, then
resistorR;, is used to store and deliver energy depending dhuz =0 holds.
the operating mode of the converter, while the filter capacit 1if w(t) =1, oru(t) =0 andiL(t) > 0
C, is connected in parallel with the load resistBrso as to = “auz )= { 0 if u(t) =0 andiL(t) =0 3)
ensure a constant output voltage during steady-state topera . .
of the converter. For a graphical summary, representing the boost converter

Three different linear dynamics are associated with tfi$ an automaton, see Fig. 2.
switch positions. When the switch is on (S = 1), energy B. Discrete-Time Model
is stored in the inducto, and the inductor curreniy,(t)

. ; . . The derivation of an adequate model of the boost converter
increases. When the switch is off (S = 0), the inductor d

) _ .fo serve as an internal prediction model for MPC is of
Is connected to_the_output and energy 1s released through 'tindamental importance. As can be seen in Fig. 3, after the
the load, resulting in a decreasing(t). Furthermore, when discretization of the model in time, the converter can ofgera

the sf\;v.itcr?S remlainsqff ar:jdi,;(é) N Or; then ?]O;Ehs ar:jdbD hin four different modes, depending on the shape of the iraduct
are o, the topology s re uce: to the mesh formed by G, ent n order to precisely describe the operating mades
capacitorC, and the load. In this case, the converter operat

) five converter, the matricés = A; ford,,. = 1,2 = A, for

in DCM. . . wuz = 0, I's = As, andA = B for d,,, = 1 are introduced.
The state_—space repre_sentgnon of the convgrter In t fien, based on the continuous-time state-space model 1) an

continuous-time domain is given by the following equa1]sing the forward Euler approximation approach, the foilhawv

tions [33] discrete-time model of the converter is derived.
d:(viit) = (A1 + Asu(t))z(t) + Bus(t) (1a) gliglljg i ?ngllg mng ;
y(t) = Ca(t), (1b) "R D=0 Ba() + B (k) Mode '3 (49)
where Eyx(k) Mode “4”
a(t) = lir(t) vo(t)]" ) y(k) = Gz (k) (4b)

is the state vector, encompassing the inductor current antere  the  matrices are E; =1+ (I'1 +I'3)T5,
the output voltage across the output capacitor. The outp =1+ 117, FEs = %S(TlEz +1oFEy), Ey=1+T2T,



ir changes in the input voltage and load. During transients, th
output voltage is to be regulated to its new reference vadue a
fast and with as little overshoot as possible.

@9 @60®o IV. MoODEL PREDICTIVE CONTROL
In this section an MPC scheme for dc-dc boost converters
| | | | ‘ - is introduced, which directly controls the output voltage b
E k+1k+2 . E+8 ¢ manipulating the switchs. Using an enumeration technique,
Time Steps the user-defined objective function is minimized subjedht®
(a) Current. converter dynamics.
u f A. Objective Function
The objective function is chosen as
— k+N—-1
O OO EEIOMONO J) = 3" (loerr(C+ 1B + A Au(eR)])  (5)
=k
N which penalizes the absolute values of the variables ofewnc
o oEtlka2 ries ¢ over the predict_ion horizo®V, which is of finite length. The
Time Steps first term penalizes the absolute value of the output voltage
(b) Switch position. error

. . . . . Vo,err (k) = vVo,res — Vo(k) - (6)
Fig. 3. Operation modes used in the mathematical model toridesthe
boost converter. Depending on the shape of the current fiifereht modes By penalizing the difference between two consecutive switc

are used. ing states, the second term aims at decreasing the switching
frequency and avoiding excessive switching

Au(k) =u(k) —u(k—1). @)

The weighting factor\ > 0 sets the trade-off between
output voltage error and switching frequengy,,. Note that
the sampling intervally; implicitly imposes an upper bound
on the switching frequency, i.efs, < 1/(2T5). This value
corresponds to the case when= 0, the output voltage is
twice the input voltage, i.ev, = 2v,, and when the inductor
is ideal with Ry, = 0.

B. Optimization Problem

The optimization problem underlying MPC at time-step
Fig. 4. Discrete-time mathematical model of the dc-dc caverepresented @Mounts to minimizing the objective function (5) subject to

as a discrete-time automaton. the converter model dynamics
F, = ATy, F, = Fy, F3 = Ar, andG = C. Furthermorer; U* (k) = argmin J (k) ®8)
denotes the time-instant within the sampling interval, whe subject to eq. (4)

the inductor current reaches zero, iig(k + 71/75) = 0,and The optimization variable is the sequence of
71 + 170 = Ts. Finally, 1 is the identity matrix andl’; is the switching  states over the horizon, which s
sampling interval. Note thakis is derived by averaging over (7 (k) = [u(k) u(k +1)...u(k+ N —1)]T. Minimizing (8)
modes “2” and “4”. yields the optimal switching sequenc&*(k). Out of
The four different operating modes of the converter's matkhis sequence, the first element (k) is applied to the
ematical model are illustrated in Fig. 4. The transitiorafr converter. The procedure is repeatedcat 1, based on new
one mode to another are specified by conditions, such as gheasurements acquired at the following sampling instance.

switch position and the value of the current. Minimizing (8) is a challenging task, since it is a mixed-
integer non-linear optimization problémA straightforward
I1l. CONTROL PROBLEM alternative is to solve (8) using enumeration, which ineslv

For the dc-dc converter, the main control objective is fdhe following three steps. First, by considering all pofssib

the output voltage to accurately track its given referenoe— | _
It should be noted that the mathematical model of the coewegiven

eq_uwalently to minimize thg output vpltage error.—by aPPry (aa) for modes “1° and "2 is affine (linear plus offset) cafor mode “4”
priately manipulating the switch. This is to be achievedpites is linear, while the expression for mode “3” is non-linear.
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nT, Fig. 6. Effect of the move blocking scheme. In (a), withoutvadlocking, a
— prediction horizon of N = 20 steps of equal time-intervals is needed. In (b),

P I ‘ with the move blocking strategy employed, ah = 11 prediction horizon
k k3 k47 k48 49 k+10 is sufficient to achieve the same closed-loop resili & 7, N2 = 4, and

Prediction steps ns = 4, total length23T%).

(©)
) - ) ) i ) A long prediction intervalNT, with a small N and a
Fig. 5. Prediction horizon with move blocking: a) outputtegle, b) inductor

current, and c) control input. The prediction horizon Rés= 10 time-steps, small _TS can be aChIeVed by emP")y'”g rzmovg P'OCI" ”9
but the prediction interval is of length97%, sincens = 4 is used for the technique [32]. For the first steps in the prediction horjzon

last N = 3 steps. the prediction model is sampled wiffy, while for steps far in
the future, the model is sampled more coarsely with a meltipl
of Ty, i.e. n,T,, with n, € NT [35]. As a result, different
sampling intervals are used within the prediction horizas,
‘ﬂlustrated in Fig. 5. We uséV; to denote the number of
Brediction steps in the first part of the horizon, which are
sgmpled withT,. Accordingly, N> refers to the number of
steps in the last part of the horizon, sampled witl';. The

C. Move Blocking total number of time-steps in the horizonA& = Ny + Ns.

A fundamental difficulty associated with boost converters An illustrative example of the effectiveness of the move
arises when controlling their output voltage without areint blocking strategy is depicted in Fig 6. Assume that at time
mediate current control loop, since the output voltage fsishi instantk7s the output voltage reference increases in a stepwise
a non-minimum phase behavior with respect to the switchifiganner and the output voltage is to follow that change.
action. For example, when increasing the output voltage, thlowever, as mentioned above, because of the non-minimum
duty cycle of switchS has to be ramped up, but initially thephase nature of the system, the output voltage initiallgisen
output voltage drops before increasing. This implies that tto decrease. In order to ensure that MPC is able to predict
sign of the gain (from the duty cycle to the output voltage) e final voltage increase and will thus pick the correspond-
not always positive. ing switching sequence that achieves this, in this example,

To overcome this obstacle and to ensure closed-loop seafrediction interval of twenty time-steps is required, i.e
bility, a sufficiently long prediction intervaN T, is required, NTs = 20.
so that the controller can “see” beyond the initial voltage By employing the move blocking scheme, the eleven-step
drop when contemplating to increase the duty cycle. On therizon N = 11, with N; =7, Ny = 4, andn, = 4 suffices,
one hand, increasingy leads to an exponential increase imesulting in a prediction interval of a 23 time-steps. Irsthiay,
the number of switching sequences to be considered aheé computational cost is significantly reduced. Withoutveo
thus dramatically increases the number of calculationdege blocking, the number of switching sequences to be examined
On the other hand, long sampling intervals reduce the is 22° = 1048576, and the state evolution has to be predicted
resolution of the possible switching instants, since dviitg for 20 steps into the future. In contrast to this, when using
can only be performed at the sampling instants. the move blocking scheme, the total number of sequences

combinations of the switching states £ 0 or u = 1) over the
prediction horizon, the set of admissible switching segeen
is assembled. For each of th& sequences, the correspondin
output voltage trajectory is predicted and the objectivefion
is evaluated. The optimal switching sequence is obtained
choosing the one with the smallest associated cost.



is 21 = 2048, and the evolution of the state needs to beovariances are given bg[¢¢”] = Q and E[vv’] = R, and
calculated only forll steps. As a result, the computationgre positive semi-definite and positive definite, respebtiv
required are decreased by three orders of magnituds), 6%. A switched discrete-time Kalman filter is designed based on
It is important to point out that a high timing resolution ishe augmented model of the converter. The active mode of the
required only around the current time-step and the very naéalman filter (one out of four) is determined by the switching
future. Further ahead, a rough timing resolution sufficess dposition and the operating mode of the converter.
to the receding horizon policy. The coarse plan of the secondDue to the fact that the state-update for each operating mode
part of the prediction horizon is step by step shifted towardgs different, four Kalman gaing<, need to be calculated.
the beginning of the prediction horizon and simultaneoustonsequently, the equation for the estimated staté) is

refined. ja(k + 1) = Ezaja(k) + KzGa (Ia(k) - «ia(l{)) + anvs(k) .
D. Load Uncertainty (13)

In most applications the load is unknown and time varying. The noise covariance matricég and R are chosen such
Thus, an external estimation loop should be added, whithat high credibility is assigned to the measurements of the
allows the elimination of the output voltage error in thegre physical statesif, andwv,), whilst low credibility is assigned
ence of load uncertainties. This additional loop is empibydo the dynamics of the disturbance statés gnd v.). The
to provide state estimates to the previously derived ogtim&alman gains are calculated based on these matrices. The
controller, where the load was assumed to be known afstimated disturbances, provided by the resulting filtan c
constant. The output voltage reference will be adjustedssolke used to remove their influence from the output voltage.
to compensate for the deviation of the output voltage fram itlence, the disturbance state is used to adjust the output

actual reference. voltage reference,, ;..
To achieve this, a discrete-time Kalman filter [36] is de-
signed similar to [25]; thanks to its integrating nature the Vo,ref = Vo,ref — Ve - (14)

Kalman filter provides a zero steady-state output voltagar.er . . - .
Two integrating disturbance statés,andv., are introduced in in Totst?cljstr?g(i’o;rtlreialleesr“r?lzig dsé?tﬁi’ inedalsj,o ’r;jrestgse: 33
order to model the effect of the load variations on the induct' pu )| u iean
current and output voltage, respectively. The measurgd st

variables, iy, and v,, together with the disturbance statq=  control Algorithm

variables form the augmented state vector ) ) ]
The proposed control concept is summarized in Algo-

Ta = [ir Vo ic ve]” . (9) rithm 1. The functionf stands for the state-update given by

The Kalman filter is used to estimate the state vector given i
by (9). Depending on the operating mode of the convert(—ﬁj.gor'thm 1 MPC algorithm
as shown in Fig. 3, four different affine systems result. function u*(k) = MPC ((k),u(k — 1))

The respective stochastic discrete-time state equatibtiseo J* (k) = oo; u* (k) = 0; z(k) = z(k)
augmented model are for all U over N do
J=0
Ta(k +1) = Ezata(k) + Fravs (k) +€(k),  (10) for t=ktok+ N —1do
wherez = {1, 2, 3,4} corresponds to the four operating modes if £ <k+ Ny then
of the converter. z(l+1) = fi(z(0), u(l))
The measured state vector is given by else
. (€ +1) = fa(2(£), u(f))
a(k) = [““ﬂ = Goza(k) + v(k) (11) end if
Uo(k) 'Uo.,err(é + 1) = 60,7“6]" - 'Uo(g + 1)
and the matrices are Au(l) =u(l) —u(l —1)
i) P Py J =T+ [vo,err (£ 4 1) + X Au(l)|
E:[E 0],F1a= 0| =Fu=|0| Fu=|0] end for
01 0 0 0 if J < J*(k)then
. (k) = J, u (k) = U(1)
F4a:[0000] , and Ga:[l 1}, end if

(12) end for

where, 1 is the identity matrix of dimension two an@l are __end function

square zero matrices of dimension two. The varialjlesR*

and v € R? denote the process and the measurement noig#), with the subscripts and2 corresponding to the sampling
respectively. These terms represent zero-mean, whitesizausinterval being used, i.eT, and n,Ts, respectively. Fig. 7
noise sequences with normal probability distributionseiTh depicts the flowchart of the introduced MPC algorithm, while
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— Fig. 9. Simulation results for nominal start-up: a) outpaitage (solid line)
4{ 1=1+1 }47 and output voltage reference (dashed line), b) inductoreatir
Fig. 7. Flowchart of the MPC algorithm. The weight in the objective function i& = 0.1, the pre-
Switchin diction horizon is N =14 and the sampling interval is
Sequencgegu(k —1) Ts = 2.5 us. A move blocking scheme is used witty = 8,
N; =6 andngs = 4, i.e. the sampling interval for each of the
MPC g DC/DC last six steps in the prediction intervalds = 10 xS, Finally,
> Algorithm 1 Boost Convertdr  the covariance matrices of the Kalman filter are chosen as
Q = diag0.1,0.1,50,50) and R = diag(1, 1).
:’f ot :}L A. Sart-Up
Toref ~_ Do Filter s The first case to be examined is that of the start-up behavior
= under nominal conditions. As can be seen in Fig. 9, the
Voures inductor current is very quickly increased until the capaci

is charged to the desired voltage level. The output voltage
reaches its reference value in about 1.8 ms, without any
noticeable overshoot. Subsequently, the converter agerat
REM with the inductor current reaching zero.

Fig. 8. Block diagram of the MPC scheme and Kalman filter.

the block diagram of the entire control scheme is shown
Fig. 8. B. Sep Changes in the Output Reference \Voltage

Next, step changes in the reference of the output voltage
are considered. First, a step-up change in the output refer-
In this section simulation results are presented to demdce voltage is examined: at tinte= 2ms the reference is

strate the performance of the proposed controller underaky doubled fromu, e = 15V 10 v, rey = 30V. As can be seen
operating conditions. Specifically, the closed-loop cotere in Fig. 10, the controller increases the current tempararil
behavior is examined in both CCM and DCM. The dynami# order to quickly ramp up the output voltage. Note that
performance is investigated during start-up. Moreovee, tighis favorable choice is made by the controller thanks to its
responses of the output voltage to step changes in the cd@ig prediction horizon andespite the non-minimum phase

manded voltage reference, the input voltage and the load arg -, o _
illustrated The length of the prediction horizon in time should be as lasgossible.

o A horizon of about0 us is sufficient. The first part of the prediction horizon
The circuit parameters aré = 450 uH, Ry = 0.3 and should be finely sampled, since switching is possible onlghat sampling

C, = 220 uF. The nominal load resistance & = 73(). If instants. As such, the sampling interval should be as small as possible.

. . . The number of steps in the prediction horizdh= N; 4+ N3 determines the
not otherwise stated, the Input voltageu§: 10V and the computational complexity. To ensure that the control law ba computed

reference of the output voltage i ,.; = 15 V. within T, N should be relatively small, leading to the choice made above

V. SIMULATION RESULTS
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behavior of the converter. Once the output voltage has ezhch
its reference, the inductor current is decreased to the tlese 3050
corresponds to the steady-state power balance. The dentro

exhibits an excellent behavior during the transient, reaph = 30 e~
the new output voltage in abouta 1.8ms, without any s
overshoot. 29.5¢
Furthermore, the behavior of the controller is tested ur
der a step-down change in the output reference voltage. . ¥ 01 02 03_ 04 05 06 07 08
time ¢t = 2ms, the output voltage reference changes from T'r(g‘)e [ms]

Voret =20V 10 v, ,er = 15V, the segment of interest is
depicted in Fig. 11. Since the proposed MPC strategy )
formulated as a voltage-mode controller effort is put int
decreasing the voltage to its new desired level as quick
as possible. To do so, the controllable switch is turned o
the current instantaneously reaches zero, and the capac
discharges through the load until it reaches its new denthnc
value in about ~ 1.2ms.

ir [A]

C. Step Change in the Input Voltage 0 o1 02 03 _ 04 05 06 07 08
Operating at the steady-state operating point correspgndi T"(T;()e [ms]

to v,.re = 30V, the input voltage is changed in a step-wise

fashion. At timet = 0.4ms the input voltage is increaseoFi@IJ- 12. Si';“du'l""tion rezu'ts fOTaStfp'UP C*}ange in tze ""P“‘ilggi a) g”tPUt
from vs = 10V to v, = 15V. The transient response of the\éﬁr;%?_ (solid line) and output voltage reference (dasfiwe)| b) inductor

converter is depicted in Fig. 12. The output voltage remains
practically unaffected, with no undershoot observed, ettie in the load fromR = 73Q to R = 36.5Q occurs att = 1 ms,
controller settles very quickly at the new steady-statea@iiey while the input voltage iz, = 15V, and the output voltage

point. referencev, .. = 30V. The Kalman filter adjusts the output
voltage reference to its new value so as to avoid any steady-
D. Load Sep Change state tracking error. This can be observed in Fig. 13(agr aft

The last case examined is that of a drop in the lodte converter has settled at the new operating point, theubut
resistance. As can be seen in Fig. 13, a step-down changéiage accurately follows its reference.
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VI. EXPERIMENTAL VALIDATION 0l

To further investigate the potential advantages of the pr
posed algorithm, the controller was implemented on a dSpa
DS1104 real-time system. A boost converter was built using ¢
IRF60 MOSFET and a MUR840 diode as active and passiy 15
switches, respectively. The values of the circuit elemants
the same as in Section V. Moreover, the nominal input ar 10, i B 3 " . 6
output voltages and the nominal load resistance are the same Time [ms]
as previously. The voltage and current measurements were @
obtained using Hall effect transducers.

Due to computational restrictions imposed by the comp
tational platform, a six-step prediction horizon was imple
mented, i.e.N = 6 and the sampling interval was set tc
Ts = 10 us. The prediction horizon was split inf¥; = 4 and
N> = 2 with ng = 2. The weight in the objective function was
chosen as\ = 0.5. The covariance matrices of the Kalmar
filter are the same as previously.
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A. Sart-up ° ' ? Time3 [ms]
In Fig. 14 the output voltage and the inductor current of the (b)

converter are depicted during start-up. The inductor aiirrerig. 15. Experimental results for a step-up change in th@uuoltage

rapidly increases to charge the output capacitor to theeeée reference: a) output voltage, and b) inductor current.

voltage level as fast as possible. The output voltage resithe

desired value in about~ 1.8 ms. Subsequently, the inductorv, ey = 15V t0 v,y =30V occurs att~ 1.7ms. The

current reaches its nominal value and the converter operatesponse of the converter is illustrated in Fig. 15. The @talu

in DCM. current instantaneously increases, enabling the outdtage
, to reach its new desired level as fast as possible. This Imappe
B. Step Changes in the Output Reference Voltage in aboutt ~ 1.9 ms, without a significant overshoot. Moreover,

The second case to be analyzed is that of the transienstep-down change, illustrated in Fig. 16, is investigated
behavior during step changes in the output reference volte output reference voltage changes frog..; =20V to
age. A step-up change in the output reference voltage fram,.; = 15V at t =~ 1.9ms. As can be seen, the controller
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Fig. 16. Experimental results for a step-down change in thtewt voltage )

reference: a) output voltage, and b) inductor current.

exhibits a favorable performance; the inductor currentis i

stantly reduced to zero so as to allow the capacitor to digeha <
~

through the resistor, and the converter reaches the negystee
state operating point in abodt~ 1.2ms.

C. Ramp Change in the Input Voltage

15

0.5

0 10 20 30 40 50 60

Subsequently, the input voltage is manually increased frc... Time [ms]
vs =10V to vy =15V (the output reference voltage is (c)

Vo,ref = 30V), resulting in a voltage ramp from~ 16 ms

17. Experimental results for a ramp change in the inmlitage: a)

until ¢~ 38ms. During the transient, the inductor currenfput voltage, b) output voltage, and c) inductor current.

changes accordingly in a ramp-like manner down to its new

steady-state value. It can be seen that the output voltagmntroller gains is avoided. The computational complexity

remains unaffected and is kept equal to its reference valig,somewhat pronounced, but kept at bay by using a move

implying that input voltage disturbances are very effesltiv blocking scheme. In addition to that, the switching freqryen

rejected by the controller and the Kalman filter. is variable. A load estimation scheme, namely a discrete-

time switched Kalman filter, is implemented to address load

D. Load Sep Change variations and to ensure robustness to parameter varation
The last case examined is that of a step-down changeSimulation and experimental results demonstrate the piaten

the load resistance occurringtat 1.2 ms. With the converter advantages of the proposed methodology.

operating at the previously attained operating point, tel|
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