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ABSTRACT

This paper aims to develop an efficient finite-set model predictive control
(FS-MPC) strategy for DC–DC boost converters to improve voltage regulation
while reducing computational complexity. The proposed approach introduces
a split cost function that decouples voltage and current regulation, providing
a simpler alternative to conventional long-horizon FS-MPC schemes used
to address the converter’s non-minimum-phase (NMP) behavior. A current-
estimation technique is incorporated to eliminate the need for additional
sensors, lowering hardware cost and improving robustness. Unlike existing
FS-MPC methods that rely on horizon extension or extra measurements, the
proposed strategy leverages the split cost structure to achieve comparable NMP
compensation with significantly lower computational effort. The controller
is implemented in real time using a hardware-in-the-loop (HIL) setup on a
ZedBoard platform, with accurate data acquisition provided by an external
ADC. Experimental results demonstrate that the proposed approach enhances
voltage-tracking performance, eliminates overshoot and undershoot, reduces
settling time by over 40%, and decreases computational effort by more than
80% compared to traditional FS-MPC methods.
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1. INTRODUCTION
DC–DC boost converters play a critical role in modern energy systems such as electric vehicles [1],

renewable energy interfaces [2], and distributed power supplies [3]. Their ability to step up DC voltage
levels makes them indispensable in meeting load and subsystem requirements. However, the intrinsic
non-minimum-phase (NMP) dynamics of boost converters [4] introduce control challenges, often leading
to instability and degraded transient performance when conventional controllers are applied. Traditional
proportional–integral (PI) controllers are widely used because of their simplicity but struggle with the nonlinear
and NMP characteristics of boost converters [5]. Nonlinear strategies, such as sliding-mode and backstepping
techniques [6], [7], improve robustness but require complex implementations and extensive parameter tuning,
which limits their practicality for low-cost embedded systems. Model predictive control (MPC) has emerged
as a compelling alternative for power electronic converters [8]. In particular, finite-set MPC (FS-MPC) [9],
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[10] aligns well with power converter operation because of its discrete nature and moderate computational
requirements [11]. Nevertheless, when single-horizon FS-MPC is directly applied to regulate the output voltage
of boost converters, the NMP effect can lead to instability and poor transient response [12], [13]. Existing
solutions, including long-horizon and move-blocking FS-MPC approaches [14]–[16], alleviate this problem
but at the expense of increased computational burden, making them less suitable for real-time applications
on low-cost hardware. These challenges highlight a significant research gap because there is still a need for
an FS-MPC strategy capable of addressing the NMP behavior of boost converters without relying on horizon
extension or additional sensors that increase cost and complexity [17]. The present work addresses this gap by
introducing a computationally efficient FS-MPC method based on a split cost function that decouples voltage
and current regulation. By leveraging a load-current estimation technique, the proposed approach eliminates the
need for extra current sensors, thereby improving robustness and reducing hardware requirements. In addition,
a current-limiting feature is embedded within the control algorithm to enhance protection under overcurrent
conditions as explained in [18]. The proposed strategy is validated through comprehensive simulations and
Hardware-in-the-Loop experiments under a variety of operating conditions, including input-voltage variations,
load disturbances, and reference-tracking scenarios. Results demonstrate that the method effectively mitigates
the NMP-induced instability while improving transient performance, achieving faster settling time, better
voltage tracking, and significantly lower computational effort compared with conventional FS-MPC schemes.

2. METHOD
This section presents a predictive control scheme tailored for DC-DC boost converters, aimed at

mitigating the adverse effects of their NMP nature. The proposed solution modifies the classical FS-MPC
formulation by evaluating a split cost function based on the switching state. Moreover, a load current estimation
strategy is included to eliminate the need for an output current sensor.

2.1. Modeling of the boost converter
The boost converter as shown in Figure 1(a) is represented as a switched system composed of a DC

voltage source, a power switch (typically a MOSFET), a diode, an inductor L, an output capacitor C, and a
resistive load. The control input u ∈ {0, 1} determines the switching state: u = 1 corresponds to the ON state
(switch closed), while u = 0 indicates the OFF state (switch open), as illustrated in Figures 1(a) and 1(b). The
regulation of the output voltage is achieved by rapidly alternating between these two operating modes [16].
When the MOSFET is closed, this state is described by (1).

VL = L
diL(t)

dt
= Vin − iLRL (1)

The same for state where the MOSFET is open, Figure 1(c) present the converter topology and (2) described it.

VL = L
diL(t)

dt
= Vin − iLRL − Vc (2)

Vc is equal to Vout, we can some by (1) and (2) in one equation, we obtain (3).

VL = L
diL(t)

dt
= Vin − iLRL − Vc(1− u) (3)

To predict the future inductor current [19], the conventional Euler approximation is used (4).

diL
dt

≈ iL(k + 1)− iL(k)

Ts
(4)

Rearranging this equation gives (5).

iL(k + 1) =
diL
dt

Ts + iL(k) (5)

iL(k) : The measured value of the inductor current; Ts : Sampling time of the control algorithm, wich equal
half of period Ts = Tsw

2 .
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Then we can put the derivative in (3) into the prediction function (5).

iL(k + 1) =
Ts

L
[Vin − iLRL − Vout(1− u)] + iL(k) (6)

However, to reduce complexity and preserve computational efficiency in real-time applications, the parasitic
resistance is often neglected. Under the assumption RL ≈ 0, the simplified discrete-time model is (7).

iL(k + 1) =
Ts

L
[Vin − Vout(1− u)] + iL(k) (7)

(a)

(b) (c)

Figure 1. Circuit diagram of a DC–DC boost converter and its operating modes: (a) circuit diagram,
(b) MOSFET ON, and (c) MOSFET OFF

2.2. Prediction model
The boost converter is modeled using two state variables: the inductor current iL and the output

voltage Vout. Conventional FS–MPC typically relies on a single step prediction, which is adequate for many
power converters. However, because of the NMP behavior of boost converters where the output voltage initially
moves in the opposite direction to a change in the control input single step prediction is insufficient for accurate
control [20].

To overcome this limitation, the proposed strategy adopts a dual mode approach with a two step
prediction horizon [21]. At each sampling instant k, the switch state u∗(k) has already been applied, so the
controller focuses on selecting the optimal future action u(k+1) by evaluating its effect on the system at k+2.
First, the intermediate state at k+1 is predicted based on the applied control u∗(k), and then each candidate
switching action for u(k+1) is used to forecast the state at k+2. To further enhance the controller’s ability to
manage the NMP dynamics, the decision at each candidate switching action is guided by a split cost function
structure that evaluates the system response differently for the switch ON and switch OFF modes, section
2.5 describe this. This combined use of a dual–mode prediction horizon and split cost function enables the
controller to anticipate the inverse voltage response and select the switching sequence that ensures stable and
well regulation.

The inductor current at k + 1 is given by (8).

iL(k + 1) = iL(k) +

(
Vin(k)

L
− (1− u∗(k))Vout(k)

L

)
Ts (8)

And the corresponding output voltage is predicted as (9).

Vout(k + 1) = Vout(k) +

(
(1− u∗(k))iL(k)

C
− iload(k)

C

)
Ts (9)
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Then, for each candidate switching action u ∈ {0, 1}, the prediction at k + 2 is calculated in (10) and (11).

iL(k + 2) = iL(k + 1) +

(
Vin(k)

L
− (1− u)Vout(k + 1)

L

)
Ts (10)

Vout(k + 2) = Vout(k + 1) +

(
(1− u)iL(k + 1)

C
− iload(k)

C

)
Ts (11)

The (8) and (9) provide the intermediate prediction, while in (10) and (11) estimate the future state at k+2 for
each control candidate. This extended prediction horizon allows the controller to anticipate the actual effect of
switching actions and better handle the NMP behavior of the system.

2.3. Load current estimation
The load current is estimated without using a physical sensor, based on the capacitor current dynamics

and the average inductor current. To derive this expression, we start from Kirchhoff’s current law (KCL) at the
output node of the boost converter. The load current is equal to the difference between the current supplied by
the inductor (when the switch is OFF) and the capacitor current [22]. The capacitor current is given by (12).

iC(k) = C · Vout(k)− Vout(k − 1)

Ts
(12)

When the switch is OFF, i.e., u(k−1) = 0, the inductor current flows to the output stage. The average inductor
current over one sampling period is approximated by (13).

iavg
L (k) =

iL(k) + iL(k − 1)

2
(13)

Consequently, the load current can be expressed as (14).

iload(k) = (1− u(k − 1)) · iavg
L (k)− iC(k) (14)

Substituting by (12) and (13) into (14), we obtain the final estimation in (15).

iload(k) = (1− u(k − 1)) · iL(k) + iL(k − 1)

2
− C · Vout(k)− Vout(k − 1)

Ts
(15)

This approach enables the estimation of the output current using only voltage and inductor current
measurements, eliminating the need for an additional current sensor.

2.4. Reference current calculation
The reference value for the inductor current is derived based on the principle of ideal power balance

between the input and output of the converter. Assuming lossless operation and continuous conduction mode
(CCM) [23], the input power Pin is equal to the output power Pout. That is,

Pin = Vin(k) · iref
L = V ∗

out · iload(k) (16)

solving in (16) for iref
L yields:

iref
L =

V ∗
out · iload(k)

Vin(k)
(17)
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2.5. Split cost function
To address the NMP behavior inherent to boost converters, a modified cost function structure is

proposed. Instead of using a unified objective for both switching states, the controller evaluates two separate
cost functions depending on the candidate control input u ∈ {0, 1}. This allows the decision-making process
to account for the different system responses when the switch is ON or OFF [24]. Specifically, when the switch
is OFF (u = 0), as in (18).

JOFF =
(
V ∗

out − V OFF
out (k + 2)

)2
+ λI

(
iref
L − iOFF

L (k + 2)
)2

(18)

When the switch is ON (u = 1), as (19).

JON = −
(
V ∗

out − V ON
out (k + 2)

)2
+ λI

(
iref
L − iON

L (k + 2)
)2

(19)

In this formulation, the tracking objective for the output voltage is weighted differently based on the
switch state [25]. In the OFF state, the controller aims to directly minimize the tracking error, encouraging
the output voltage to approach its reference. In the ON state, the sign of the voltage error term is inverted.
This design choice intentionally rewards energy accumulation in the inductor, anticipating future output needs.
By doing so, the controller compensates for the delayed effect of control actions on the output voltage a key
challenge posed by the NMP dynamics. The current regulation term remains quadratic and symmetric in both
cases, ensuring consistent tracking of the reference inductor current.This split evaluation strategy improves
both transient performance and steady-state regulation, while reducing the risk of overshoot or instability.

At each sampling instant, both cost functions are evaluated, and the optimal switching action is chosen
as described in (20).

u∗(k + 1) =

{
1, if JON < JOFF

0, otherwise
(20)

To ensure safe operation, an overcurrent protection mechanism is also implemented (21).

If iON
L (k + 2) > imax

L ⇒ u∗(k + 1) = 0 (21)

3. RESULTS AND DISCUSSION
3.1. Experimental setup

The experimental validation of the proposed dual-mode FS-MPC was performed on a
hardware-in-the-loop (HIL) platform based on a ZedBoard Zynq-7000. The ARM cortex-A9 processor
executed the real-time control algorithm, strictly following the sequence presented in Algorithm 1. This
implementation excluded the FPGA fabric to assess the computational efficiency of the controller on a low-cost
embedded processor. The experimental boost converter, built according to the parameters listed in Table 1,
used an IRFZ44N MOSFET driven by an gate driver.

Voltage and current measurements were obtained using LV25-P and HAS50-S sensors, respectively.
The analog signals were digitized by an external 16-bit ADS1115 ADC communicating via an I2C bus at
1.2 MHz, ensuring synchronized sampling. The control algorithm—comprising state prediction, load-current
estimation, and dual cost-function evaluation was executed every 10 µs (10 kHz switching rate). Real-time
monitoring and data acquisition were achieved through MATLAB/Simulink in external mode, as illustrated in
Figure 2.

Table 1. Boost converter parameters
Component Value

Input voltage [30 V–50 V]
Output voltage [40 V–60 V]
Inductor 200µH

Capacitor 1000µF
Sampling time 10µs

Reference switching frequency 10 kHz
Load resistor [10 Ω – 20 Ω ]

Dual-mode model predictive control for non-minimum phase boost converters (Jawhra El Hmidi)
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Algorithm 1 Dual-mode-MPC controller for buck converter
1: function DUAL-MPC(iL(k), iL(k−1), Vout(k), Vout(k−1), u(k−1), Vref )
2: Set parameters: Ts, L, C, λI , iL,max; Estimate load current iL
3: Predict next states using u(k−1); Init: JON←∞, JOFF←∞
4: for u ∈ {0, 1} do
5: Predict (iL,k+2, Vout,k+2), compute eV , eI
6: if u=1 then
7: JON←f(eV , eI) (favor ON if eV >0)
8: else
9: JOFF←f(eV , eI) (favor OFF if eV <0)

10: end if
11: end for
12: u(k+1)←1 if JON <JOFF else 0; return u(k+1)
13: end function

Figure 2. HIL setup

3.2. Experimental results
3.2.1. Test scenario 1: Variable input voltage with fixed output reference

In this first test, the objective is to evaluate the behavior of the boost converter and its control strategy
under a time-varying input voltage while maintaining a constant output voltage reference. The input voltage
Vin varies over time as described in (22).

Vin(t) =


30 V, for 0 ≤ t < 1 s
40 V, for 1 ≤ t < 1.5 s
50 V, for t ≥ 1.5 s

(22)

In contrast, Figure 3(a) illustrates the response when the proposed control technique is applied. The
output voltage follows the reference value Vref = 60 V with excellent accuracy and without overshoot as shown
in Figure 3(b). The inductor current shows smooth transitions and improved tracking of the reference current,
even during changes in input voltage. This confirms the enhanced robustness and dynamic performance of the
proposed split cost function-based control.

3.2.2. Test scenario 2: Fixed input voltage with variable output reference
In this second test, the input voltage Vin is kept constant at 30 V throughout the simulation, while the

output voltage reference Vref is varied in steps to evaluate the converter’s ability to track different reference
values. The reference profile is defined as follows:

Vref(t) =


60 V, for 0 ≤ t < 1 s
80 V, for 1 ≤ t < 1.5 s
50 V, for t ≥ 1.5 s
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This test evaluates the performance proposed approach. The goal is to verify how accurately and quickly the
converter responds to downward steps in Vref, and eliminates overshoot or undershoot during transients as it
clearly shown in Figure 4 despite the abuse change in Vref .

(a)

(b)

Figure 3. Converter response using proposed FS-MPC under input voltage variation: (a) system response
using proposed FS-MPC and (b) zoomed view of the output voltage and current response

Figure 4. Converter response using proposed FS-MPC under reference voltage variation

Dual-mode model predictive control for non-minimum phase boost converters (Jawhra El Hmidi)
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3.2.3. Test scenario 3: Load variation under fixed input and output reference
In this third test, the robustness of the proposed control method is evaluated under a sudden and

severe load variation. The input voltage Vin is held constant at 30 V, and the output voltage reference is fixed at
Vref = 60 V. The resistive load undergoes an abrupt change from 41.6 Ω to 4.16 Ω, corresponding to a tenfold
increase in current demand. This variation is applied at t = 1 s, simulating a highly dynamic operating
condition. The objective of this test is to observe how effectively the proposed split cost function-based
FS-MPC handles the disturbance while maintaining output voltage regulation and current stability. The results
show that the proposed controller quickly reacts to the increased load without overshoot or voltage drop, and
restores steady-state conditions with minimal transient deviation as seen in Figure 5.

Figure 5. Converter response using proposed FS-MPC under load disturbance

3.3. Comparative analysis
For benchmarking purposes, the proposed method was compared with a standard FS-MPC

implementation. As summarized in Table 2, the split cost-function strategy achieves lower overshoot and a
shorter settling time while simultaneously reducing switching activity. In addition, it delivers a significant
improvement in computational efficiency compared with the conventional approach. These results confirm
that the proposed control strategy not only addresses the non-minimum phase challenge but also enhances
real-time feasibility, making it suitable for embedded implementations on low-cost hardware platforms.

Table 2. Experimental performance comparison
Metric FS-MPC (classical) Proposed method

Overshoot (%) 6.8 0.9
Settling time (ms) 1.1 0.6
Computation time (ARM, µs) 18 8.5

4. CONCLUSION
This work presented a real-time implementation of a split cost function-based finite-set model

predictive control (FS-MPC) strategy for a DC-DC boost converter using a hardware-in-the-loop (HIL)
setup with a ZedBoard and an ADC. The proposed method successfully addressed the limitations of
classical FS-MPC by improving voltage regulation, suppressing overshoot, and enhancing current tracking.
Experimental results under different scenarios, including input voltage variation, reference changes, and sudden
load disturbances, demonstrated the superior dynamic performance and robustness of the proposed approach.
The controller was able to maintain output voltage stability and react quickly to system variations, confirming
its suitability for real-time embedded power conversion applications.
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