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Abstract—This paper evaluates the performance of an event-
triggered model predictive control (MPC) for a DC-DC boost
converter. Event-triggered MPC is used to enhance the compu-
tational performance of an enumeration-based MPC controlled
boost converter by triggering the optimal control problem (OCP)
only when an event is triggered as opposed to solving the
OCP at every time step. Accordingly, the event-trigger threshold
significantly impacts the number of times the OCP is solved. This
paper numerically investigates such impact by evaluating various
threshold values. The results of this study provide a general
guidance to the selection of the threshold value to meet specific
system criteria, e.g., balance between computation performance
and control performance.

Index Terms—Model Predictive Control, MPC, event-trigger
control, optimization control problem, OCP, boost converter

I. INTRODUCTION

Boost converters are used to step up the voltage of an
input source to power loads at a higher voltage. They are
widely found in battery powered and photovoltaic-cell ap-
plications. Power converter control aims to maintain a set
voltage despite fluctuations in the source voltage and/or load
current. Converter control has been studied extensively and
includes both analog and digital control methods [1], [2],
where digital control offers several advantages over analog
control such as higher accuracy, flexibility, and lower cost [3].
Recent microprocessor advancements such as increased speed
and computational capability have enabled the widespread
use of digital control, and in particular, model predictive
control (MPC). MPC simplifies the controller design and
tuning since system objectives and constraints are included
in the controller’s design phase. [4].

MPC for power converter control has been researched and
implemented successfully in numerous studies, [4]-[7]. The
MPC controller generally consists of three main parts: a model
of the plant being controlled, an optimization control problem
(OCP) in the form of constrained optimization, and a receding
prediction horizon [8]. In the case of a power converter, the
main objective of the controller is to regulate output voltage
to track a reference voltage. Additional objectives such as
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reducing the amount of switching and limiting inductor current
can also be added to the cost function.

Due to the finiteness of the potential control actions, an
enumerated-based MPC controller can be formulated for boost
converters, where an enumerated list of control sequences are
constructed as candidate solutions. It then solves the OCP by
enumerating the list and selecting the control sequence that
minimizes the cost function. Receding horizon policy states
that the first element of the optimal sequence is applied to
the actuator while the remaining elements of the sequence
are discarded [4]. In time-triggered control, the optimization
process is repeated at each time sample. The challenge with
using MPC for converter control is that the microcontroller
must have significant computational power as it must solve
the optimization problem for all switching sequences within
the time sample period. Switching power converters have
switching frequencies in the order of tens and hundreds of
kHz to reduce the physical size of the passive components
(i-e., inductors and capacitors). The time sample period must
be at least one-half (1/2) the target switching period. An
additional challenge is introduced due to the non-minimum
phase behavior of boost converters which necessitates a longer
prediction horizon [5], [9].

To address MPC’s computational challenge, event-triggered
MPC was studied in [10]-[13] to reduce the computational
load. In event-triggered MPC, the optimization process is
repeated only when an event is triggered; otherwise the pre-
viously optimized control sequence is reused without solving
a new OCP. Event-triggered MPC for boost converters was
first investigated in [10], where the initial simulation results
demonstrated a saving in controller computations by up to 93%
while achieving comparable performance to time-triggered
MPC. However, the selection of threshold value, a key design
parameter in event-triggered MPC, was not investigated in
[10]. In this paper, we address this by evaluating the perfor-
mance of the converter with different event-trigger thresholds
through simulation. The reported findings will provide a gen-
eral guidance on how to select the trigger threshold to achieve
specific converter criteria such as computation requirements,
voltage regulation, reduced voltage ripple and response time.

The rest of this paper is organized as follows. Section II
gives an overview of the discrete-time model of the DC-DC
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boost converter. Section III explains time-triggered and event-
triggered enumeration-based MPC. Simulation results high-
lighting the performance of event-triggered MPC are presented
and discussed in Section IV, and the paper is concluded in
Section V.

II. BOOST CONVERTER DISCRETE-TIME MODEL

The first step to creating an MPC controller is to develop
an accurate model of the controlled system, i.e, the boost
converter. We briefly introduce the model and refer the reader
to [5] and [10] for details.

The circuit diagram of the boost converter is shown in Fig.
1. A boost converter steps up the input voltage by actuating
switch S. When switch .S is ON (i.e., closed) energy is stored
in the inductor as the current through the inductor increases.
When switch S is OFF (i.e., open), the current through the
inductor decreases and the stored energy is released to the
load. If the inductor current is greater than zero throughout the
converter’s operation, the converter is said to operate in contin-
uous conduction mode (CCM). If the inductor current reaches
zero during operation, then the converter is said to operate
in discontinuous conduction mode (DCM). The mathematical
model developed for the MPC controller captures both CCM
and DCM operating modes.

The discrete-time model is derived using the continuous-
time model of the boost converter detailed in [5], [10]. The
forward Euler approximation is applied where T is defined
as the time step. The state variable matrix z[k] is defined in
(1), where i [k] is the inductor current and v, [k] is the output

voltage.

zlk] = [irlk] volk)]” (1)

The converter can operate in any of four different operating
states, depending on the shape of the inductor current [5]:

1) Mode 1 represents the converter when switch S is ON
and the inductor current is increasing. In this mode, the
inductor, L, is connected across the input source while
the capacitor is sourcing current to the load.

2) Mode 2 is when switch S is OFF and the inductor
current is decreasing and is positive. Diode D is forward
biased and energy stored in the inductor is released to
the load.

3) Mode 4 is when both switch S and diode D are OFF
and the inductor current is 0. The circuit is reduced to
the output capacitor, C', sourcing energy to the load R.

4) Mode 3 is the time average of Modes 2 and 4. It includes
the moment when the inductor current decreases from a
positive value and reaches 0, defined as 7.

The discrete-time state space matrices for all four modes
are included below (2). v, is the source voltage, Ry, is the DC
resistance of the inductor coil, and the other parameters were
declared in the preceding description.

Mode 1:
g BT 0 Ls
alk+1] = L Uk L | v,k] (a)
1_ S
Y RC| 10
Mode 2:
L RT T T, ]
zlk4+1] = TSL 1 LT k] + 5 vs[k] (2b)
L © RO L
Mode 3:
L Rem m 7 |
xlk+1] = L LT ekl + | L | vslk] 2c)
T1 s
— 1—
c RC| 0]
Mode 4:
1 0
xlk+1] = T x[k] (2d)
01— =
RC

III. MODEL PREDICTIVE CONTROL

We will briefly discuss time-triggered MPC followed by the
event-triggered MPC proposed in [10].

A. Time-triggered Enumeration-based MPC

We start with the assembly of a full set of switching
sequences. The number of elements in the switching sequence
is equal to the length of horizon, N. Each switching sequence
is in the form U[k] = [u[k], u[k + 1] ...ulk + N —1]], where
u[k] is defined as

ulk] = 1 when switch S is closed/ON, 3)
~ )0 when switch S is open/OFF.

The total number of switching sequences is therefore 2.
The time duration of the prediction horizon is N7, with
T being the sampling time. It was noted earlier that boost
converters require longer prediction horizons due to their non-
minimum phase behavior, but this would require a significant
increase in the prediction horizon length, N. To address
this, a move blocking scheme is implemented to extend the
duration of the prediction horizon without having to increase
N significantly. Details about the move blocking scheme is in
[5]. At every time step, the MPC solves an OCP in which the
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cost function in (4) is evaluated for each switching sequence.
The cost function is formulated as follows.

k+N—1
min e_zk (Io.ere [0+ 1[K]] + NAu[C[K]))  (4a)
s.t.  System dynamics (2) (4b)

The MPC controller samples the input voltage, inductor
current and output voltage and calculates the projected output
voltage, inductor current and evaluates the cost function (4)
for each of the predefined switching sequences U[k]. Two ob-
jectives of the control action are captured in the cost function:
1) track the reference voltage and 2) reduce the switching
frequency. The first term in the cost function captures the first
objective, where the absolute voltage error is calculated using
(Vo,err[k] = Vrer —vo[k]). To reduce the amount of switching,
the difference in switch state (Aul[k] = u[k] — u[k — 1]) is
also captured. A weighing factor, ), is applied to the switch
state difference and is adjusted depending on how much it
is desired to penalize this difference. The switching sequence
which minimizes the cost function value in (4) is then selected
as the optimal switching sequence U,[k]. The first element
of the sequence is then applied to the switch, S. For time-
triggered MPC, this procedure is repeated at every time-step
for all 2"V switching sequences.

B. Event-Triggered Enumeration-based MPC

The enumeration technique evaluates the objective function
for all switching sequences at every time-step which requires
the controller to operate for extensive periods of time during
all operating modes. Increasing the prediction horizon also
demands higher computational power as the number of switch-
ing sequences increases exponentially. This eventually leads
to significant energy dissipation by the controller. To address
this issue, event-triggered MPC was proposed to solve the
optimization problem only when an event is triggered. A brief
description is given below. For more details, the reader is to
refer to [10].

At time t, the event-triggered MPC block outputs the entire
optimal switching sequence U, optimal state trajectory Xj,
and the current switching signal u. An additional output, index
k, points to the element in U, that was last accessed to actuate
switch S. These outputs are all fed back to the MPC block as
inputs after one time step delay. The system proposed in [10]
is displayed in Fig.2. Specifically, an event e is defined by:

)1 A X (2,k) — vl > 6 or k> Kz, 5)
. 0 Otherwise.

During initial operation, the event-triggered MPC controller
samples the state variables ¢; and v, and solves the OCP
for all switching sequences, then finds the optimal switching
sequence, U;, where U; = U,. The switch is actuated using the
first element in U; (i.e., u = U(1)). Uy, X, and u are passed
to the output along with index k which is set initially to 0.
Upon the next time step, the information calculated from this
initial step can then be used for event-trigger control. Again,
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Fig. 2. DC-DC Boost Converter with Event-Triggered MPC Control [10]
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the state variable x[k] is sampled at this time step, index
k is incremented, and e is then evaluated using (5), where
the measured voltage, v,, or, 2(2) is compared to X3, (2, k).
Xt, (2, k) is the predicted output voltage in the optimal state
trajectory calculated from the previous step at index k. If
the absolute difference between the measured voltage and the
projected output voltage exceeds the trigger threshold J, e
is set to 1, and an event is triggered. When triggered, the
enumeration based MPC solves the optimization problem and
generates a new optimal control sequence, state trajectory and
switch state. Otherwise, when e = 0, the control action is
determined using the next switch state in the optimal sequence,
U:,, computed at the last event, thus avoiding running the
optimization problem for the 2V switching sequences. Fig. 3
outlines the flowchart of the proposed event-triggered MPC
control algorithm.

The selection of the event-trigger threshold, 4, significantly
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TABLE I
SIMULATION PARAMETERS

Converter and Controller Parameter Value
Inductor (L) 550 H
Inductor DC Resistance (R,) 1.3Q2
Output Capacitance (C) 220uF
Load Resistance (R) 73Q
Sampling Period (71') 5us
Prediction Horizon (N), kmaz 14
Ny

Move Blocking Coefficient (ns) 4

Weight in Objective Function Lambda () 0.5

impacts the performance of the converter. To assess this
impact, we implement the closed loop system consisting of
the boost converter and MPC controller in MATLAB/Simulink
and evaluate converter performance using different values of
0. The simulation results are discussed and reported in the
following section.

IV. SIMULATION RESULTS

The performance of event-trigger MPC control on the boost
converter is evaluated during startup, step change in input
voltage and step changes in voltage reference with different
values of trigger threshold §. The parameters used in all
simulations are listed in Table I. Throughout our investigation,
we plot the averaged event frequency using a moving window
to indicate computational savings.

A. Event-Trigger Threshold Impact on Start-up Time

Different start-up conditions were simulated in which the
event-trigger threshold of the MPC controller was varied. In
all cases, the controller kept switch S open initially during
start-up to charge the output capacitor to the input voltage
which caused an initial inrush of current. Once the output
capacitor was charged to the input voltage, the controller
began to actuate the switch, and the converter boost the
voltage to the voltage setpoint (v,.s). It was observed that
the desired reference is reached at about the same time for
both time and event-triggered MPC implementations for most
operating conditions. Start-up time was mostly independent of
our selection of the event-trigger threshold § value. However,
start-up time was dependent on operating conditions with the
results tabulated in Table II. Simulated waveforms for different
trigger thresholds for the operating case: vy, = 10V and
Vpey = 20V are shown in Fig. 4.

B. Event-Trigger Threshold Impact on Steady-state Operation

With event-triggered MPC, once the converter reaches
steady-state, the number of event triggers is significantly
decreased. Event frequency for different steady state operating

Start-up Waveforms v = 10V, Vet = 20V
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Fig. 4. Start-up (vs = 10V and v,..; = 20V)

TABLE II
START-UP TIME SUMMARY

Operating Conditions Time-triggered MPC  Event-triggered MPC

vs = 10V, v, = 15V 2.2ms 2.2ms
vs = 10V, v, = 20V 3.9ms 4.3ms
vs = 10V, v, = 30V 13.2ms 16ms
vs = 15V, v, = 20V 1.6ms 1.6ms
vs = 15V, v, = 30V 3.9ms 3.9ms

conditions, in addition to the tracking error were tabulated in
Table III, where tracking error was calculated by

T.E = \/ Liz (Vo Mn_ Ureg ) (©6)

The results reported in Table III show that increasing the trig-
ger threshold § significantly reduces the computation burden
of the controller during steady state operation but increases the
tracking error. Increasing  also increases the output voltage
ripple and peak inductor current. It was noted (Fig. 5) that the
converter was not able to reach the reference voltage when
vg = 10V and v,..y = 30V for 6 > 0.09. Additionally, during
steady-state operation the converter experienced irregularities
in the output waveform when v, = 10V and v,y = 15V for
0 >0.1.

C. Event-Trigger Threshold Impact on Step Changes in the
Output Reference Voltage

The performance of the converter with different trigger
thresholds was evaluated when the output reference voltage
was stepped up from 15V to 30V. As can be seen from Fig. 6,
the output achieves a regulated 30V output at approximately
19ms for time-triggered MPC. The performance of the con-
verter with different trigger thresholds was evaluated when the
output reference voltage was stepped up at 7.5ms from 15V
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Fig. 5. Start-up and steady-state operation (vs = 10V and v,y = 30V)

TABLE III
EVENT-TRIGGER IMPACT ON STEADY-STATE OPERATION - RESULTS
SUMMARY
Event Frequency:
Steady-State Conditions 6 =0.01 6 =0.07
vs = 10V, vo = 15V 30% 2.7%
vs = 10V, vo = 20V 33% 7%
vs = 10V, vo = 30V 42% 11%
vs = 16V, v = 30V 44% 12%
Tracking Error [V]:
Steady-State Conditions 6=0.01 6 =0.07
vs = 10V, v, = 15V 0.024 0.09
vs = 10V, v, = 20V 0.049 0.178
vs = 10V, v, = 30V 0.216 0.42
vs = 15V, v, = 30V 0.072 0.1
Output Voltage Ripple [Vpp]:
Steady-State Conditions 6 =0.01 6 =0.07
vs = 10V, vo = 15V 0.095 0.36
vs = 10V, vo = 20V 0.163 0.54
vs = 10V, vo = 30V 0.43 0.62
vs = 16V, v, = 30V 0.236 0.377

to 30V, where vy = 10V. As can be seen from Fig. 7, the
converter achieves a regulated 30V output at approximately
19ms when § = 0.01 and at 23.5ms when § = 0.07. The
event frequency increases as well as the inductor current
during the step up in reference voltage. Once the converter
reaches regulation, the inductor current is reduced. Results are
summarized in Table IV.

Next, the output voltage reference is changed from 20V
to 15V at 7.5ms for 6 = 0.01 and 0.07 with waveforms
plotted in Fig. 8. During the step down in reference voltage,
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Fig. 6. Reference step-up from 15V to 30V (Time-triggered MPC) [10]
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Fig. 7. Reference voltage step-up from 15V to 30V (Event-Triggered MPC)

switch S'is OFF and the inductor current goes to zero allowing
the capacitor to discharge into the load to reduce the output
voltage. A subset of the results for different thresholds is
summarized in Table IV.

TABLE IV
VOLTAGE REFERENCE CONVERTER RESPONSE FOR DIFFERENT EVENT
THRESHOLDS

6=001 6=0.05 ¢6=0.07
Upep = 15V — 30V, vs = 10V
Transient time [ms] 11.5 14 16
Event Frequency 42.5% 19.5% 15%
Vpep = 20V — 15V, vs = 10V
Transient time [ms] 4.6 4.6 4.6
Event Frequency 28% 7.5% 2.5%
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D. Event-Trigger Threshold Impact on Step Change in the
Input Voltage

A step change in the input voltage from 10V to 15V at
20ms after steady state operation with v,..; set to 30V was
simulated. The line transient response of the converter for § =
0.01 and 6 = 0.07 are displayed in Fig. 9. In both cases, event
trigger frequency increases as the input voltage increases. The
event frequency during the transient increases by 2% when
0 = 0.01, where as it only increases by 0.5% when § =
0.07. The output voltage remains almost undisturbed during
the input transient as the response of the controller is almost
immediate.

V. CONCLUSION

This paper explores the impact of the event-trigger thresh-
old, 4, on the performance of an event-triggered model pre-
dictive control (MPC) for a DC-DC boost converter, supple-
menting our prior work where an event-triggered enumeration-
based MPC was proposed to reduce the computation burden
of a time-triggered MPC controller. Simulation results demon-
strate the impact of event-trigger threshold on the performance
of the converter during different operating conditions. Gen-
erally, increasing the threshold trigger reduces the number
of computations performed but increases the tracking error
and voltage ripple during steady state operation. A trade-
off must be made between the number of computations and
meeting specific performance targets. Future research direc-
tions include (1) implementation of the proposed controller in
hardware to verify the feasibility of real-time implementation
and (2) applications to battery and renewable energy control
[14], [15].
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