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Abstract: This article proposes the development of an optimal and robust control approach for the
voltage regulation of a bi-directional DC-DC converter for its integration in battery energy storage and
electric vehicle charging station applications. The objective of the proposed controller is to enhance
the robustness and disturbance rejection capability of the bidirectional buck-boost converter. The
inner current control loop adopts the optimal model predictive control (MPC) scheme while the outer
voltage control loop has been developed utilizing the robust sliding mode control (SMC) approach.
The results of the proposed robust & optimal control approach show better voltage conversion
capabilities with improved transient response and steady-state characteristics in the presence of
variations in load and disturbances.

Keywords: bidirectional DC-DC converter; MPC; sliding mode control

1. Introduction

The need for renewable energy resources is increasing very rapidly because of the overall
increasing demand for electricity, particularly in the transport sector [1]. Electric vehicles (EVs)
can support the grid during intervals of peak demand by acting as a source of distributed
energy storage. Hence, in this way microgrids could be benefited by having more stability,
low peak demands and requirement for low power ratings [2]. Therefore, a bi-directional
control approach is required which has the properties of both the robustness and optimal
control system. Multiple control approaches have been utilized for controlling the power
flow in both the vehicle-to-grid (V2G) and grid-to-vehicle (G2V) system applications. A direct
power control method is utilized to select the optimal switching state by the use of a switching
table in [3]. Pulse width modulation (PWM) is utilized in traditional voltage-oriented control
(VOC) for the purpose of tracking the reactive and active powers [4]. As a result of using the
traditional PWM techniques, ripples may be generated in current and power outputs [5]. An
application of double integral sliding mode control was introduced for current regulation
in bidirectional EV chargers in [6]. However, high frequency noise might be introduced
due to the utilization of the pure integrator. In [7], voltage compensation and symmetrical
decoupling were employed for controlling a bidirectional converter. However, because of the
uncertainties, perfect decoupling of the states is quite challenging. In [8], sliding mode control
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is employed for the control purpose of an AC/DC converter. However, SMC suffers from the
drawback of chattering mechanism. Two cascaded PI controllers have been used to control
the voltages and currents in [9]. However, this control mechanism suffers from the drawbacks
of initial high overshoot, gains sensitivity and slow response to external disturbances. The
direct power control approach is utilized by employing the switching table mechanism for the
control of power flow [10,11]. However, this mechanism suffers from frequency variations
and power ripples.

Model predictive control is considered as one of the most powerful control approaches
for its application in power converters because of multi-objective optimization, capability
of dealing with nonlinear systems, and constraint optimization. The optimization is per-
formed by the minimization of the cost function of the discrete time system model [12]. The
MPC and active disturbance rejection control (ADRC) schemes are applied in the bidirec-
tional converters because of their good output response [13–15]. These techniques usually
adopt a single loop control which is relatively easier to design but has the disadvantage of
controlling one independent state at a time. Therefore, these controllers cannot simulta-
neously control the current and voltage of the system. A PI controller is employed with a
typical MPC controller for the generation of the current reference for the MPC controller
cost function [16]. However, the gains of the PI controller need to be adjusted manually
based on the requirements of the system and disturbances. Also, the parameters of the PI
controller are fixed during the system’s operation and difficult to tune online as per the
load conditions.

This paper proposes the design of a hybrid controller utilizing the benefits of both
MPC control and SMC control. The inner current loop utilizes the optimal MPC control
approach while the outer voltage loop is controlled by a robust SMC controller to counter
the weakness of the PI-based MPC controller for the generation of a reference current
signal. The proposed control approach provides faster transient response characteristics
and zero steady-state error in the existence of load variations and external disturbances.
The principal contribution of this paper is the design of an SMC-based MPC controller
for the bidirectional converter to address the shortcomings of PI-based MPC controllers
for generating the current reference signal. The generated current reference signal is then
utilized by the cost function of the MPC controller. The designed controller’s stability is
proven by utilizing the Lyapunov theory. Results indicate the superiority of the proposed
approach in the presence of load variations and disturbances.

The remainder of the article is organized as follows. The analytical model of the bi-
directional converter is provided in Section 2. Section 3 outlines the design of the proposed
control approach utilizing MPC for the current control loop and SMC for generation of
current reference signal. Results are provided in Section 4 and the conclusion is given in
Section 5.

2. Analytical Modeling of Bi-Directional Converter

The schematic diagram of the bi-directional buck-boost converter is given in Figure 1.
The circuit consists of an output capacitor CD, two power MOSFETs M1 and M2, filter
inductor LD, battery bank VB and a DC bus capacitor Cbus. The two antiparallel diodes M1
and M2 are denoted by DM1 and DM2 respectively. The given circuit will work in charging
mode in G2V configuration and discharging mode in V2G configuration [17].
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Figure 1. Circuit diagram of the bi-directional converter.

2.1. Charging Mode of Bi-Directional Converter

The bi-directional converter functions as a buck converter in the charging mode. The
overall operation in charging mode can be divided into two stages.

In the first stage, the power MOSFET M1 is activated while M2 is turned off. Due
to this configuration, the diode DM2 becomes reverse-biased and the inductor is linearly
charged as given below.

VLD = Vbus − VB (1)

The inductor current linearly increases and is given as follows.

IL = (Vbus − VB)/LD (2)

In the second stage, both the MOSFETs are turned off and the conduction is started in
the diode DM2. The inductor voltage is given as follows.

VLD = −VB (3)

The inductor current linearly decreases and is given as follows.

IL = −VB/LD (4)

As a result, the filtering inductor current is given as below:

ILD = IB = I∗CB ± 1
2

∆ILD1 (5)

where I∗CB is the desired value of the charging current during charging mode and the
ripple current is denoted by ∆ILD1 and given as follows.

∆ILD1 =
VB(1 − D)

LD
=

(VB−Vbus)D
LD

(6)

2.2. Discharging Mode of Bi-Directional Converter

The bi-directional converter functions as a boost converter in the discharging mode.
The overall operation in discharging mode can be divided into two stages.

In the first stage, the power MOSFET M2 is activated while M1 is turned off. Due to
this configuration, the filtering inductor voltage is given as below.

VLD = −VB (7)

The inductor current linearly increases given as below.

IL = −VB/LD (8)



Eng. Proc. 2024, 75, 26 4 of 8

In second stage, both the MOSFETs are turned off and the conduction is started in the
diode DM1. The inductor voltage is given as follows.

VLD = Vbus − VB (9)

The inductor current linearly decreases given as below.

IL = (V bus − VB
)
/LD (10)

In this mode, the bus capacitor Cbus is being charged by the discharging current of the
battery bank. The filtering inductor current is given as below:

ILD = IB = I∗DB ± 1
2

∆ILD2 (11)

where I∗DB is the desired value of the charging current during discharging mode and the
ripple current is denoted by ∆ILD2 and given as follows.

∆ILD2 =
VBD
LD

=
(Vbus−VB)(1 − D)

LD
(12)

3. Design of Robust & Optimal Controller

The inverter unit is connected to the main grid through input inductors LS and resistors
RS. The model predictive controller (MPC) is established on the prediction of converter
switching vectors at (n + 1)th sampling time based on the defined cost function JC. The
discrete time rate of change of grid side terminal currents vector Iαβ in the αβ coordinate
system is given as follows:

Iαβ(n+1) − Iαβ(n)

Ts
=

1
Ls

(eαβ(n) − Vαβ(n)−Rs Iαβ(n)) (13)

where eαβ represents the three-phase AC voltages in αβ reference frame and the vector eαβ

consists of eα and eβ. Similarly, the inverter terminal voltages in αβ reference frame are
given by vector Vαβ. For each switching state k of the three-phase converter, the current is
predicted as given below.

Iαβ(n+1) =
Ts

Ls

(
eαβ(n) − Vαβ(n)−Rs Iαβ(n)

)
+ Iαβ(n) (14)

The cost function is then chosen as follows for the MPC controller in the αβ reference frame:

JC = |Iαr − Iα|+
∣∣Iβr − Iβ

∣∣ (15)

where Iαr and Iβr are the reference values of Iα and Iβ, respectively. On every sampling
time instant, the cost function is evaluated for all the voltage vectors and then the voltage
vector which minimizes the cost function is applied to the converter switches.

During the V2G mode, the d-axis reference current Idr is equal to the ratio of the battery
rated power and battery nominal voltage. The d-axis reference current Idr during the mode
of G2V is computed using the robust sliding mode controller. The converter instantaneous
power is given as follows:

Pins =
Vdc

2

R0
+ CDVdc

dVdc
dt

(16)

where Vdc is the output voltage and R0 is the purely resistive load. Therefore, during the
steady state, the converter output voltage dynamic equation can be given as follows:

.
Vdc(t) = − 1

R0CD
Vdc(t) +

3
2CD

uc + d0 (17)
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where uc is the control signal and is equal to uc = I+dr(t) if ρ(Vdc, t) > 0 and uc = I−dr(t) if
ρ(Vdc, t) < 0 in the steady state. The term d0 represents the uncertainties and disturbances
in the DC-link voltage. The sliding surface is denoted by ρ(Vdc, t) and given as below.

ρ(Vdc, t) =
∫

er + κer (18)

where er = Vdc(t)− Vr, and Vr is the reference voltage. Also, κ > 0 is selected based on the
output voltage time constant. The speed of output response increases with the reduction in
the value of κ. The time derivative of the sliding surface is given as below.

.
ρ(Vdc, t) = Vdc(t)− Vr + κ

( .
Vdc −

.
Vr

)
(19)

Therefore, the following control action is derived based on Equations (17) and (19).

ucρ =
2CD

3

[
1
κ

Vr +

(
1

R0CD
− 1

κ

)
Vdc − (δ + ε)sign(ρ(Vdc, t))

]
(20)

where the positive constant δ is given as |d0| ≤ δ < 1. The control gain ε is suitably selected
such that ε > 0. Therefore, a suitable control law is obtained based on this adaptation law
in the existence of external disturbances and load variations. From Equations (17) and (20),
the sliding surface derivative given in Equation (19) can be written as below.

.
ρ(Vdc, t) = −κ[((δ + ε)sign(ρ(Vdc, t))− d0 ] (21)

The Lyapunov candidate function is selected as below.

L =
ρ2
(Vdc ,t)

2
(22)

Therefore, utilizing Equation (21), the following result is obtained.

.
L = ρ(Vdc, t)

.
ρ(Vdc, t) < 0 (23)

Therefore, from Equation (23), the asymptotic stability and robustness of the overall
control system is proved with the developed controller.

4. Results

The designed controller is implemented and simulated for the verification of its
effectiveness. The filter capacitor used has a value of 680 µF, while the voltage output of
the DC side is 200 V. The input inductance LS is 10 mH while the input resistance RS is
0.5 Ω. The switching frequency is 10 kHz and the load resistance is 100 Ω. The value of
κ is chosen as 0.5. Figure 2 shows the output voltage profile during V2G response. The
settling time is 17 ms with no overshoot. Figure 2b shows the instantaneous grid current
and voltage of phase A.
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The corresponding FFT signal analysis during G2V is given in Figure 3. The total
harmonic distortion (THD) is 3.17%.
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The FFT signal analysis during G2V is given in Figure 4 with a THD of 1.83%. The
mode of the converter is shifted from V2G to G2V at time t = 4.2 s. The corresponding
voltage profile is shown in Figure 5, showing seamless switching amongst the two modes
of operation.
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The proposed control approach is compared with the PI controller-based voltage
control loop and MPC-based inner current loop approach. The resulting output voltage
profile for both schemes is shown in Figure 6. The settling time for the proposed control
scheme is 17 ms while the settling time for the PI-based MPC controller is 39 ms. Also, the
overshoot in the SMC-based MPC controller is eliminated while there is an overshoot of
8.5% in the PI-based MPC controller.
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5. Conclusions

In this article, a robust and optimal controller is designed for the voltage regulation
of the bi-directional DC-DC converter in the presence of load variations and disturbances.
The current loop control has been optimized using the optimal MPC controller while
the voltage loop control takes advantage of a robust SMC controller. The efficacy of the
suggested control approach is verified by the results of applying the designed controller
to the bi-directional DC-DC converter system. Results show better dynamic response and
improved THD performance for the designed robust and optimal controller.
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