
A Novel Fixed Time Supertwisted Integral
Synergetic Control for Vehicle-to-Load operation of

Electric Vehicles
Hafiz Mian Muhammad Adil, Hassan A. Khan

Dept. of EE, Lahore University of Management Sciences (LUMS)
Lahore, Pakistan

hafiz.adil@lums.edu.pk

Mashood Nasir
Cissoid Semiconductors

1435 Mont-Saint-Guibert, Belgium.
mashood.nasir@cissoid.com

Abstract—Vehicle-to-Load (V2L) operation of electric vehicles
(EVs) enables their utilization as mobile energy hubs contributing
to energy resilience with potential to extending their utility be-
yond transportation, while complementing grid stability through
decentralized load support. However, the efficient utilization of
V2L in EVs depends on the robust operation of the power
electronic interface between the EV and the load, which ne-
cessitates a reliable control design. To enhance the seamless
utilization of the V2L operational mode in EVs, this paper
proposes a novel fixed-time supertwisted integral synergetic
control (FT-STISC), altering the dynamic evolution of synergetic
control and hybridizing it with supertwisted action for the boost-
based converter interface between the EV and the load. The
parameters of the proposed controller are optimally tuned using
the whale optimization algorithm (WOA), and an extensive set
of simulations is conducted using MATLAB/Simulink to validate
the proposed controller under various scenarios, including load
power variations and compatibility with different input voltage
ranges. The proposed controller, compared to state-of-the-art
integral synergetic control (ISC) and sliding mode control (SMC),
exhibits enhanced and robust performance, characterized by a
faster settling time (2 ms), a lower root mean square error
(RMSE) of 0.0007 V, and no chattering. Additionally, the real-
time operation of the proposed controller is tested through
controller hardware-in-the-loop (C-HIL) validation using the
Texas Instruments TMS320F28379D Delfino Launchpad.

I. INTRODUCTION

The growing adoption of electric vehicles (EVs) has di-
versified their usage into various operational modes, no-
tably vehicle-to-grid (V2G) and vehicle-to-anything (V2X)
[1]. Within the V2X framework, the concept of vehicle-to-
load (V2L) is gaining prominence due to advancements in
transportation electrification, particularly in power electronics.
V2L operation extends the role of EVs beyond mobility,
enabling them to function as mobile energy sources for diverse
electrical loads, ranging form low-power household appliances
and communication devices to medium-scale emergency, in-
dustrial, and infrastructure systems [2]. These include vehicle-
to-home (V2H), vehicle-to-building (V2B), vehicle-to-vehicle
(V2V), and vehicle-to-assistance (V2A), all of which fall
under the V2L domain. In addition to supporting off-grid and
emergency loads, V2L systems can complement grid resilience
by providing decentralized energy backup during peak demand

or outage scenarios. Fig. 1 illustrates a general representation
of V2L operation in an EV.
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Fig. 1: General representation of V2L operation

An efficient power conditioning unit (electronic interface)
is essential for effective V2L operation, to which various
control strategies have been explored in literature. In [3], a
proportional-integral (PI) control is used for an isolated bidi-
rectional converter serving both DC and AC loads. Similarly,
[4] and [5] apply PI control for dual active bridge (DAB)
and fault-tolerant boost converters, respectively, in V2X ap-
plications. Although widely adopted due to their simplicity,
PI controllers suffer from slow dynamic response and limited
robustness to load variations. They also struggle to manage the
inherent nonlinear behavior of power converter systems, which
is crucial under the varying loads typical of V2L operations.
A model-free control approach is proposed in [6] for DC-
DC LLC converters in V2X settings. It regulates voltage
and current using only input-output measurements without
requiring a system model. While model-independent, its per-
formance is sensitive to measurement quality and requires
frequent parameter tuning, limiting its effectiveness under
disturbances. To overcome the limitations of linear and model-
free controllers, there has been a recent shift toward nonlinear
control methods in V2X applications. Nonlinear controllers
offer improved dynamic performance by leveraging the full
nonlinear model of the system [7]. However, each method has
its own strengths and drawbacks. In [8], a backstepping-based
controller enhances performance in a V2H application, but
the method is computationally intensive, complex in design,
and limited to systems in strict feedback form. Sliding mode
control (SMC) is another widely used robust nonlinear method
that operates on variable-structure control principles. Various
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SMC-based strategies have been proposed [9–11] for V2X
(V2H, V2V, V2L) operations. While SMC offers robustness
against load variations, its primary drawback is chattering
caused by the discontinuous control action, resulting in a
variable switching frequency and undesirable heat and power
losses in converters [12]. To mitigate this, higher-order SMC
variants, such as supertwisting SMC (ST-SMC) and adaptive
ST-SMC, have been investigated in [13] and [14], respectively.
These controllers reduce chattering by employing continuous
control laws while retaining robustness. Another nonlinear
technique to eliminate chattering is synergetic control [15].
Similar to SMC in structure, it avoids discontinuous terms
and enables control over convergence rate through dynamic
evolution. Despite its effectiveness in eliminating chattering,
synergetic control exhibits relatively weaker robustness to
abrupt load variations, and its convergence is not guaranteed
in a fixed time.

To address the above-mentioned challenges, this work has
the following contributions:

• A novel fixed-time supertwisted integral synergetic con-
trol (FT-STISC) for V2L operation of EVs is proposed,
which integrates a hyperbolic tangent-based supertwisting
mechanism with fixed-time integral synergetic control.
This hybrid approach enhances dynamic response, en-
sures fixed-time state convergence, and maintains robust-
ness to load changes. The hyperbolic tangent function
ensures smooth, continuous control action, eliminating
chattering.

• The proposed controller is validated using both simula-
tions and controller hardware-in-the-loop (C-HIL) exper-
iments under varying load conditions and input voltages.

• The superior dynamic response of the proposed controller
is benchmarked against conventional SMC and Integral
Synergetic Control (ISC).

The remaining paper is structured as follows: Section II
presents the mathematical model; Section III describes the
control design; Section IV discusses results, comparative re-
sponse, and C-HIL validation; and Section V concludes the
work.

II. V2L SYSTEM MODELLING

The electrical schematic for V2L operation is shown in
Fig. 2. A DC-DC boost converter interfaces the EV DC bus
with the load, represented by an equivalent resistance Ro. The
converter includes an inductance L and output capacitance C,
with inductor current iL and load voltage vL, respectively. It is
pertinent to note that effects like detailed component parasitics,
losses, thermal dynamics, and aging effects are not explicitly
modelled and will be considered in related future work.

As the converter operates unidirectionally (vehicle to load),
switches K and D function complementarily, resulting in the
following two operation modes:

L
diL
dt

= Vin − Vo

C
dVo

dt
= iL − Vo

Ro︸ ︷︷ ︸
(D:On, K:Off)

L
diL
dt

= Vin

C
dVo

dt
= − Vo

Ro︸ ︷︷ ︸
(D:Off, K:On)

(1)

VinVin

L

C

D

K

u VoVo
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+

-
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Fig. 2: Electrical schematic of V2L operation via DC-DC
boost converter

For control design, the state-space averaged model of the boost
converter can be derived using the averaging method as:

ẇ1 = −(1− µ)
w2

L
+

Vin

L

ẇ2 = (1− µ)
w1

C
− w2

RoC

(2)

where w1, w2, and µ are the averaged inductor current iL,
output voltage vo, and control input u, respectively.

III. DESIGN AND STABILITY ANALYSIS OF FT-STISC
CONTROLLER

The primary goal of the proposed FT-STISC controller is to
regulate the load voltage and inductor current to their respec-
tive reference values. Its design includes the hybridization of
fixed-time integral synergetic control with supertwisting SMC
to enhance dynamic response and robustness of the system
under varying load and input conditions. The proposed control
strategy is inherently scalable and can be employed to multi-
converter V2L systems in a decentralized fashion.

A. Design procedure
To achieve the control objectives, define the error functions

as: {
κ1 = w1 − w1ref

κ2 = w2 − w2ref
(3)

where w1ref and w2ref represent the reference values of the
inductor current and load voltage, respectively. Using (2), the
error derivatives are:

κ̇1 = −(1− µ)
w2

L
+

Vin

L
− ẇ1ref

κ̇2 = (1− µ)
w1

C
− w2

RoC
− ẇ2ref

(4)

A macro-variable Λ is defined to drive the errors to the
invariant manifold Λ = 0:

Λ = q1κ1 + q2

∫ t

0

κ1dt+ q3κ2 + q4

∫ t

0

κ2dt (5)

where q1, q2, q3, q4 > 0 are controller parameters. The inte-
gral form in (5) enhances steady-state accuracy and reduces
overshoot/undershoot, contributing to the fixed-time synergetic
control structure.

According to variable control structure theory, the control
law is:

µFT−STISC = µeq + µsw (6)

where µeq is derived from fixed-time integrative synergetic
control, and µsw is the supertwisting switching part:

µsw = −η1|Λ|0.5tanh(Λ)−
∫ t

0

η2tanh(Λ)dt (7)
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with η1, η2 > 0, and

tanh(Λ) =
eΛ − e−Λ

eΛ + e−Λ
(8)

Unlike the standard supertwisting algorithm, tanh(Λ) is
used in (7) instead of the signum function to further reduce
chattering and ensure the continuous nature of the control law.

To synthesize µeq in (6), we use the dynamic evolution:

T Λ̇ + τ(λ) = 0 (9)

with
τ(Λ) = Λr + Λs−1

(10)

where r > 1, s > 1 are odd integers.
Lemma 1 [16]. The function in (10) satisfies:

P1: τ(Λ) is differentiable and invertible
P2: τ(0) = 0
P3: τ(Λ)Λ > 0 ∀Λ ̸= 0

From Lemma 1 and (10), the convergence to Λ = 0 is
guaranteed within fixed time T , with an upper bound:

Tmax(Λ) = T

(
rs− 1

(r − 1)(s− 1)

)
(11)

From (5), the derivative Λ̇ is:

Λ̇ = q1κ̇1 + q2κ1 + q3κ̇2 + q4κ2 (12)

Substituting (12) into (9), we get:

T
(
q1κ̇1 + q2κ1 + q3κ̇2 + q4κ2

)
+ Λr + Λs−1

= 0 (13)

Using (13) and (4), the equivalent control µeq becomes:

µeq = 1 +
N

D
(14)

where
N =

(
−q1w1

C
+

q2w2

L

)
(15)

and

D =

(
− Λr + Λs−1

T
+

q1w2

RoC
+ q1ẇ2ref − q2Vin

L

+ q2ẇ1ref − q3κ1 − q4κ2

) (16)

B. Stability analysis

Theorem: For the macrovariable Λ(w) in (5), a Lyapunov
function L(Λ) exists such that the control signal in (14)
ensures L(Λ) < 0, establishing asymptotic stability for the
system in (2).

Proof: Define the Lyapunov function:

L = 0.5Λ2 (17)

Taking its derivative:

L̇ = ΛΛ̇ (18)

Substituting Λ̇ from (9):

L̇ = Λ
(−τ(Λ)

T

)
(19)

Using (10), this becomes:

L̇ =
−1

T

(
Λr+1 + Λ

s+1
s

)
(20)

Since r + 1 and s+1
s are even for odd r, s > 1, we have

L̇ < 0, proving asymptotic stability [17].

IV. RESULTS AND DISCUSSION

The proposed controller is implemented and validated in
the Matlab/Simulink environment. The control implementation
layout is shown in Fig. 3, and simulation parameters are listed
in Table I. To optimize controller performance, its parameters
are tuned using the Whale Optimization Algorithm (WOA)
[18], based on the Integral Time Absolute Error (ITAE)
criterion, which effectively compensates for both transient
and steady-state behavior.WOA offers a balanced exploration-
exploitation capability, enabling reliable convergence without
extensive parameter tuning. The Fitness function for WOA-
based tuning is defined as:

F =

∫ t

0

t(|κ1|+ |κ2|)dt (21)

TABLE I: Simulation parameters

Parameters Values

System parameters

L, C, fsw 470µH , 1000µF , 100kHz,

vin, vCref 350− 480V , 480V

Controller parameters

q1, q2, q3, q4 8, 6, 8, 1

r, s, T 3, 9, 0.00328

η1, η2 0.1, 9

w1refw1refw1ref

+
-
+
-

w1w1w1

System Dynamics 
Eq. (2)

Error generation 

vinvinvin

w2refw2refw2ref+ -+ -

w2w2w2

Integral-based 
macro-variable

Eq.(5)

Fixed-time 
Dynamic 
Evolution

Eq. (9)

Tanh-based 
supertwisting 

switching
Eq. (7)

+++ Eq. (6)

µ eqµ eq

µ swµ sw µ µ 

Load 
Power

FT-STISC Controller

Fig. 3: Control architecture for the system in Fig. 2

The proposed controller is evaluated under four test cases.
The system’s power capacity is limited to 75 kW, reflecting
advancements in EV energy storage, which now reach up to
100 kW. Power levels are varied across the full range to assess
V2L performance under low, medium, and high (emergency)
scenarios, though actual durations may vary depending on the
specific V2L application.
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A. Case-1: Increasing Loading Power
In this case, the proposed controller is tested under ascend-

ing load power variations as follows:

Load Power =



15 kW, for 0 s ≤ t ≤ 0.4 s

30 kW, for 0.4 s ≤ t ≤ 0.8 s

45 kW, for 0.8 s ≤ t ≤ 1.2 s

60 kW, for 1.4 s ≤ t ≤ 1.6 s

72 kW, for 1.6 s ≤ t ≤ 2 s

(22)

The load voltage and inductor current responses are shown
in Fig. 4. The load voltage reference is set at 480 V, and
perfect voltage regulation is observed. Minor dips occur in
response to power demand changes but remain within ±470 V,
staying inside the 2.5% tolerance range. The inductor current
also tracks its varying reference accurately, indicating smooth
and stable power delivery during V2L operation.

Fig. 4: System response for Case-1.

B. Case-2: Decreasing Loading power
This case validates the proposed controller under a decreas-

ing load power demand, with variations taken as the exact
reverse of those in the previous case (Case-1). The tracking
responses of the load voltage and inductor current are shown
in Fig. 5. The controller maintains accurate voltage regulation
and current tracking throughout. Voltage surges remain below
490 V, well within the 2.5% tolerance range.

Fig. 5: System response for Case-2.

C. Case-3: Mixed Input Voltage
In this case, the proposed controller is tested under varying

input voltage levels. The voltage regulation response is shown
in Fig. 6. The controller maintains a load voltage of 480 V
across all cases. Surges during input voltage changes remain
within 2 V, i.e., within 0.5% of the regulated level.

Fig. 6: System response for Case-3.

D. Case-4: Comparative response with mixed load power
A comparative analysis of load-voltage regulation is carried

out between the proposed controller and the established SMC
and ISC methods to highlight the performance improvements
achieved. Fig. 7 shows the load power profile, deliberately
designed to include both increasing and decreasing levels at
0.4 s intervals, and the voltage regulation responses of the
three controllers.

Fig. 7: Comparative response with mixed loading power.

The proposed FT-STISC controller achieves the fastest
convergence (0.002 s), while ISC is the slowest (0.009 s).
SMC settles at 0.006 s but suffers from chattering, visible in
the zoomed-in view of Fig. 7. In contrast, both ISC and FT-
STISC are free from chattering. ISC has no discontinuous term
involved in its design, while FT-STISC has a continuous nature
of the switching term, aided by the use of tanh function. The
proposed controller also ensures tighter voltage regulation with
zero steady-state error (up to three decimal places), compared
to ISC (0.02 V) and SMC (0.2 V). Moreover, SMC shows
larger surges and slower recovery than ISC and FT-STISC.
The proposed controller exhibits an over/under-shoot of ±10
V, within the ±2.5% tolerance. In contrast, SMC and ISC
show larger transients and slower retracing. A quantitative
comparison is presented in Table II.

TABLE II: Quantitative comparison

Settling time (s) RMSE (V) Chattering
SMC 0.006 0.9443 Yes
ISC 0.009 0.7960 No
FT-STISC 0.002 0.0007 No

Fig. 8 illustrates the Controller Hardware-in-the-Loop (C-
HIL) configuration used to validate the proposed controller in
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real time. The implementation employs the Texas Instruments
C2000 Delfino TMS320F28379D LaunchPad as the control
platform. The controller algorithm is deployed on the micro-
controller, while the corresponding system model is executed
within MATLAB/Simulink. Communication between the host
computer and the controller is established through the serial
communication interface (SCI) for transmitting feedback and
control signals. The dynamic load-response results, presented
in Fig. 9, confirm the controller’s capability to regulate output
voltage effectively under varying load conditions, demonstrat-
ing its practical real-time applicability.

System model
(V2L Adapter)

Host 
Computer

Feedback signals

Control signals

Embedded 
coder F

2
8

3
7

9
D

 
L

au
n

ch
p

ad

Fig. 8: C-HIL validation setup.

Fig. 9: Voltage tracking response under C-HIL validation.

V. CONCLUSION

By incorporating the supertwisted action into the altered
fixed-time-based dynamic evolution of synergetic control, a
novel robust nonlinear control strategy is proposed in this
work, ensuring seamless V2L operation for electric vehicles
and enhancing their potential role in decentralized energy
support and grid resilience. The proposed control approach
is Lyapunov stable and exhibits enhanced system dynamic
response in terms of output voltage regulation and inductor
current reference tracking, thereby facilitating efficient power
transfer from an electric vehicle to a load during V2L opera-
tions. Both simulations and CHIL validations are performed,
and the results demonstrate the superior performance of the
proposed controller compared to sliding mode and integral
synergetic controllers. The key performance indicators (zero
steady-state error, nil chattering, and faster convergence: 2 ms)
confirm the viability of the proposed controller as an effective
driver for the vehicle-load power converter interface. Future
work will include barrier-based adaptation of the controller

parameters and the implementation of anti-windup techniques
to further enhance performance.
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