ISSN 1674-2974
Mo2EM1IM

20255118 Journal of Hunan University

Vol 52 Now LI Noveslay 225

@ (Natural Sciences)

ELSEVIER
Scopus

Vol. 52 No. 11

(SIONIDS TVANLYN) ALISHIAIND NYNAH 40 TYNINOr

i
]
A
¥
2
4

November 2025
i Available online a Clarivate
: T https://jonuns.com WERB OF SCIENCE
jonuns.com
Open Access Article €2 https://doi.org/10.55463/issn.1674-2974.52.11.6

PHiL implementation of a real-time EMS for a multilevel converter
powered by ultracapacitors
Javier Eduardo Pereda-Torres', Walter Naranjo-Lourido?, Javier Eduardo Martinez-Baquero®*

'Department of Electrical Engineering, Pontificia Universidad Catdélica de Chile, Santiago, Chile,

23Professor of Engineering School, Faculty of Basic Sciences and Engineering, Universidad de los Llanos,
Villavicencio, Colombia,

* Corresponding author: jmartinez@unillanos.edu.co

Article history:

Received: October 19, 2025
Revised: November 26, 2025
Accepted: December 11, 2025
Published: December 30, 2025

Abstract: This paper presents a real-time energy management system (EMS) for an electric powertrain, tested
using a Power Hardware-in-the-Loop (PHIL) platform. The system is built around a two-layer multilevel inverter
(MLI) with ultracapacitors (UCaps) as distributed energy storage, capable of producing up to 11 line-to-line voltage
levels. To manage energy flow and maintain the required 1:3 voltage ratio between the main and auxiliary UCap
banks, a predictive vector-selection strategy is implemented within a space vector modulation with nonlinear
compensation (SVM-NLC) scheme. Experimental results show that SVM-NLC achieves a higher inverter efficiency
of 91.71% compared to 90.55% for conventional SVPWM, while keeping UCap voltage tracking within 5% error.
The SVPWM reference also demonstrates a low output current total harmonic distortion (THD) of 0.64%, illustrating
the benefits of the multilevel design. Under the testbed’s 100 A current limit, the PMSM delivers a maximum torque
of 9.89 Nm, allowing accurate reproduction of a scaled ECE15 driving cycle. Overall, the proposed EMS efficiently
distributes energy during both traction and regenerative braking, ensuring stable real-time operation and high energy
recovery performance.
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1. Introduction

EMSs are fundamental in several aspects of E.V.s,
from the power distribution on the charge spots to the
energy powertrain control for extending the E.V. range.
Different [ 1-4] initially focus on answering the dynamic
energy demand of the E.V.s, especially from the energy
distribution system. In [2] is used Modelica joined to an
agent’s software to estimate the energy demand is
unforeseeable by traditional analysis. Also, in [1] is
established a method for distributing and optimizing the
energy demand on the buildings, according to E.V.
requirements.

According [3-4] the primary objectives of an EMS in
E.V.s are to maximize powertrain energy usage hile in
driving mode and recover all potential energy from
regenerative braking. The electric powertrain’s storage
systems, however, put a cap on how well the EMS
performs. Different EMS approaches have been
developed according to various studies [5-9]. These
approaches had excellent results in extending driving
autonomy and substantially lowering switching and
conduction inverter losses. In [3],[10—12], another EMS
for E.V.s with HES is created after analyzing and
developing the best size and power distribution between
energy sources. As a result, a range increasing of 8.9%
using neuronal networks reported in [3], extended the
battery life in a 60% [10], and energy savings of up to
7.8% [12].

Some technical advantages are an improved voltage
THD, a lower distortion on the current signal, a low
switching frequency for reducing the switching losses,
and some modulation techniques that can ecliminate
some harmonic selected. Studies performed by [13-17]
have demonstrated different technical advantages of
MLI, which allow extending the driving autonomy of

the E.V. For this reason, the MLI has received more
attention due to its high energy performance over
conventional inverters.

The main manuscript contributions are: (a) a real-
timeimplementation of an electric powertrain through
the use of a PHiL, (b) The proposed EMS guarantees the
inverter stability under different operational conditions;
(c) improving the energy performance of the powertrain
system when is used the high specific power of the
UCaps. This paper proposes an energy management
system of an electric powertrain implemented in a
testbed using a Power hardware-in-theloop. This real-
time powertrain implementation was inspired by a
conventional multilevel inverter of two layers that uses
ultracapacitors as an energy storage system.
Additionally, this manuscript proposes a flexible
inverter that redirects the bidirectional energy flux
inside the powertrain according to EMS decisions.

The manuscript’s purpose is to design, implement,
and verify an EMS for an MLI-powered electric
powertrain. The analytical paradigm for energy
management is thus developed and described in this
manuscript. After that, the suggested approach is put
into practice in a testbed with a HiL configuration to
verify the energy management strategy.

The paper’s organization is detailed as follows.
Chapter 2 explains the proposed MLI topology used in
an E.V., including the considered modulations and its
flexibility to redirect the energy flux inside the
powertrain and explains the proposed EMS’s design and
implementation over a whole powertrain using a HiLL
component. Afterward, chapter 3, reports and explains
the results of the EMS inside the electric powertrain.
Finally, the manuscript presents the conclusion.
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Figure 1. MLI Proposed Topology with UCaps
Energy Storage (Source: developed by the authors)

2. Methodology

This section explains the proposed topology, the
possible modulations considered for its use, the dynamic
modeling of the E.V., and the energy losses performed
to the electric powertrain.

2.1. Multilevel Inverter Topology

According to Figure 1, the suggested MLI topology
consists of a main level (with a three-phase full-bridge)
and an auxiliary level with three half-bridges and
floating UCaps, one on each leg. UCaps, a special form
of energy storage, are distributed across both layers in
this topology. The MLI can turn off any inverter level
necessary to regulate the flow of engine energy.

This flexible MLI topology controls the bidirectional
energy flux of the UCaps according to driving
requirements under three modes: driving mode, braking
mode, and transfer energy mode. The topology can be
transferred from the main to the auxiliary sources for the
first mode. Simultaneously, the proposed topology can
give energy to the electric motor. Similarly, braking
mode can be a potential early recovery, with a significant
portion of the braking energy using the UCaps and
redirecting to the battery. As a result, energy
recuperation is more effective thanks to the UCaps’ high
specific power. For the transfer energy option, energy
can be transferred between inverter levels. As a result,
the EMS has authority over the energy moving from the
battery to the UCaps or vice versa. This mode is feasible
by choosing redundant vectors without affecting the
motor current.

On the other hand, this MLI topology can generate
up to 11 line-to-line voltage levels with a THD lower
than 10%, according to the IGBT switching. Clarke
transformation is used to select the adequate switching
vector, a three-phase trigger vector, over a 2D space. The
Clarke transformation is defined in (1). In Figure 2, all
possible trigger vectors are plotted in the domain 2D of
Clarke transformation for its posterior selection. The
distribution of the space voltage vector changes because
of variations in the UCaps voltage. These vector space
changes are directly related to the main and auxiliary

radius. So, if the auxiliary receives energy from the main,
the auxiliary radius is incremented. Meanwhile, the
main radius remains practically unchanged due to a
higher capacitance.

Figure 2. Topology switching vectors represented on
alpha-beta space (Source: developed by the authors)

v, 1 =172 -1/21[%
=0 "2 | o

In order to prevent over-modulation, the vector
election method requires a reference, such as a circular
reference, to be contained within the vector’s outer
hexagon. The chosen method is also influenced by the
electrical frequency and voltage needed for the inverter
output. The counterclockwise rotational speed € [rad/s]
serves as the electrical frequency guide. Therefore, an
SVM-NLC and an SVPWM are assessed for this
scenario’s trigger vector selection.

2.2. Evaluated Modulation

In this section, both modulations (NLC and SVPWM)
are evaluated. Initially, the modulations are briefly
explained, and then energy is evaluated. For this, an
energy losses analysis of the proposed topology is
performed utilizing a previous methodology established
by the authors in [18]. The previous methodology
analyzes the switching and conduction losses of the
proposed topology in front of a driving cycle. Similarly,
this work evaluates the proposed methodology using the
ECEI1S5 driving cycle.

1) Space Vector Modulation SVM with NLC: This
modulation determines the voltage and electrical
frequency output of the inverter, which finds the trigger
vector closest to a reference vector. This control also
allows selecting one of several redundant vectors for
maintaining the voltage ratio between the main and
secondary levels and balancing the UCaps of each phase.
The switching frequency of an NLC is smaller in
comparison to other modulations. As an outcome,
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reduced losses are provided by the NLC due to
switching frequency, but conduction losses must be
assessed.

B+ + +
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Figure 3. Selection of SVPWM vectors
(Source: developed by the authors)

2) Space Vector Pulse Width Modulation SVPWM:

The SVPWM reaches any point inside the Clarke space
transformation due to the linear vector combination of
the three adjacent vectors. Figure 3. The vectors are
selected according to their proximity to the reference for
subsequent switching between them. These adjacent
vectors must always enclose the reference inside a
triangle. Otherwise, the SVPWM cannot generate an
equivalent vector to the reference. As additional
information, it is essential to highlight some redundant

vectors inside the SVPWM used to perform the EMS
control.

For the switching PWM among vectors, different
switching times Ty, Ti, T2, and T3 are determined
according to their proximity to the reference for
controlling the resulting vector modulation. In (2) are
determined the switching times To3 according to the
relative distance Di.3, between trigger and reference
vectors.
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3) Modeling of the electric powertrain: This
section models the E.V. dynamics through a low-order
longitudinal model. The proposed model predicts the
vehicle behavior for the driving requirements. In this
case, it is considered a front traction vehicle. Using the
Newton laws, this dynamic model is obtained from the
analysis of Figure 4. Thus, it is possible to determine the
(3), (4), and (5). Additionally, using a torque summation
equation around the contact point of the rear tire and a
pre-established driving cycle is posible to deduct the
torque requirements of the electric motor. From (6) and

neglecting any tire slip, the resistive torque on the front
wheel is shown in (7). The engine torque is obtained
considering the mechanical reductions from the motor to
the traction wheel (8). This resistive torque calculation
is essential input data for the EMS simulation.

Figure 4. Low-order Longitudinal Model
(Source: developed by the authors)

Ee =Ry — Dy — Fj = mgqa 3)

Ry = Fw 4)

D, = 0.5pAC4S? (5)

__ —Dghpg—Whcmsind+wDy-cos +meqahcm

Fzp = D, +D; 1 6)

Twres = RyT + Dg(hp, — 1) + wcos0Ds +
wsinf (heym — 1) (7)

Teres = TWres/Ntfntf (8)

4) Energy losses: The prior analysis was completed
using the suggested online methodology in [18] to
determine an appropriate modulation for the testbed.
The authors of this manuscript put forth and showed the
methodology used at the IECON15 conference. The load
equation model and the inverter efficiency suggested in
(9) and (10) were both required for this study. In order
to execute the simulation, the model also needs the
PMSM and vehicle characteristics listed in Table 1 and
Table 2.

Te = (meqdS dt + Frw + Da)r Ntf tf  (9)

E on +ESW
ninv[%] = (1 - m) 100% (10)

The simulation was performed using the ECE15
driving cycle using both modulations. As a result, the
SVM-NLC has an efficiency of 91.71 % compared to
90.55 % of the SVPWM. However, the SVPWM
presents a better THD current (0.64 %) than the SVM-
NLC.

On the other hand, selecting an adequate modulation
is critical to consider the maximum switching frequency
of the inverter. For ECE15 experimental reproduction,
the maximum electrical frequency of the inverter is
lower than 160 Hz for a Ntf= 7. Thus, for the SVPWM
case, the switching frequency is limited by the IGBT
performance. The SVPWM simulation was performed
with an IGBT operation frequency of 20 kHz.
Consequently, the HiL control must be 10x faster than
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the operating frequency to prevent latencies and
guarantee a real-time response.

This work decided to implement the proposed EMS
using SVM-NLC due to its higher energy performance

and better time slots for taking control decisions.

Table 1. Electric Motor Paraeters

Parameters Value
Nominal Power (kW) 20
Voltage (VAC) 65,6 VAC
Current (A) 255 ARMS
Speed (rpm) 6000
Torque (Nm) 35
Voltage constant 8.87
(V/1000rpm)
Torque constant (Nm/A) 0.14
Number of Poles 8
Frequency (Hz) 400
Resistance (Ru—v) 0.0049 Ohm
Inductance (Lu—v) 0.053333 mH
Inertia J (kg-cm?) 58.6

Table 2. Vehicle Parameters

Parameters Value
Rolling Coefficient (Fr) 0.0117
Drag Coefficient (Cd) 0.53
Cross section Area (A) 8.8 m?
Air density (p) 1 kg/m?
Equivalent mass (mequ) 18,000 kg
Total Powertrain 0.9
Efficiency ()

2.3. Energy Management System (EMS)

In this paper, the EMS aims to control the UCaps
energy fluxinside the powertrain under different driving
conditions. Two driving mode conditions are defined to
implement the EMS strategy. The first condition is the
traction mode, where the ESS gives the wheel energy to
overcome resistive forces. As the second condition, we
found the regenerative mode, where the PMSM
generates a Back-EMF due to vehicle inertia and the
vehicle’s kinetic energy.

A basic overview of the suggested EMS is shown in
Figure 5, where the EMS depends entirely on the
function mode. For instance, the real-time control
handles the modulation finding in traction mode and
chooses the best redundant vector to correct and
maintain the voltage ratio between levels. As a result, it
is feasible to ensure that the main level provides the
majority of the energy, cutting down on losses brought
on by its low switching frequency. Instead, when using
regenerative braking, the EMS keeps track of the energy
stored in each level and redirects it first to the primary
level and then to the auxiliary level. Energy would be
split between mechanical and regenerative braking in he

regenerative mode without compromising the car’s
safety.

The proposed inverter topology permits to perform
control over the energy fluxes inside the powertrain.
Under this perspective, the energy management in the
UCaps is directly related to its voltages. Thus,
implementing an EMS is necessary to establisha UCHB
auxiliary voltage control for traction and regenerative
mode. This UCHB voltage control can be established
through the SVM-NLC choosing adequate vectors that
permit controlling and balancing the UCaps voltages.
So, using and evaluating all redundant vectors closest to
the reference, it is possible to establish a predictive
voltaje control for the UCHB. For the traction mode, a
minimum cost function is determined for establishing
the predictive voltaje control, as shown in (11) and (12).

Start EMS
Mechanical Domain I
&
Ej= 0.5 ms? J_‘
/ Real-time control
S rity Fact
ecurity Factor SVRLRILE
Mechanical| | | Regenerative |, NO~" Mode = YES st Vmain
Braking Braking Traction? e Vauxi_3

A Predictive
Back-EMF Selection of the _
—> Tl'iggei\lector 4— | Voltage Control

Figure 5. General overview of the proposed EMS
(Source: developed by the authors)

2
J(k) = Zﬂw=1 (vcap* — Vcap-j (t + Ts | k)) (11)
Veap—j (¢ + Ts | k) = Z— 1Sj(k) + veap_j () (12)

where,
V*cap= Vmain=3

~i=[iaibic]

The predictive model permits determining the effects
over the UCaps voltages when a selected trigger vector
is applied for each sample time. The voltage ratio
between the main and auxiliary levels must always be
the same. In this case, the voltage ratio is 1:3. It is
possible to guarantee a similar trigger vector distribution
inside the alpha-beta space across the driving cycle. An
auxiliary formula establishes the voltaje ratio error,
shown in (13).

2
— 1 Ymai
€ratio = Zj:l( m3am - vcap—j) (13)

On the other hand, the energy capacity for each level
is determined in the regenerative mode. Thus, the EMF
will determine which level still works during the back-
EMEF to recover the kinetic energy.
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The inrush capacitor current was not limited in the
suggested energy strategy since the responsibility for
restricting the load current when the electric vehicle
(EV) powered by ultracapacitors arrives at the station
lies with the charger. The Multi-Level Inverter (MLI)
topology used in this system requires a 1:3 voltage ratio
between the main and auxiliary levels, which can be
provided by the charger. Consequently, the limitation of
inrush current is beyond the scope of this work.
However, it is crucial to establish current limits to ensure
safe operating conditions during the charging process.
By appropriately setting these limits, the charger can
effectively mitigate the impact of inrush current and
prevent excessive stress on the system. Moreover, the
inherent characteristics of ultracapacitors allow them to
efficiently handle high currents, thereby minimizing the
effects of inrush current.

ELECTRIC Elec. Protections|
POWERTRAIN | foredien we| Modulation |2
i | Swm-nLe
CPU 2 ",I

MECHANICAL LOAD

ABB Controller ~ External
ACS800-11 Control

cPUL qleme | Rezatver N \_/

ABB M3AP

Figure 6. Implementation of the proposed MLI
(Source: developed by the authors)

Furthermore, the proposed energy strategy primarily
focuses on fulfilling power requirements during vehicle
movement, specifically when the EV is in motion.
Consequently, the energy stored in the ultracapacitors
generally decreases over time, except during
regenerative braking, where a reverse flow of energy is
generated. However, this regenerative energy is lower
than the consumed energy. As a result, the system is
incapable of generating a current peak when the vehicle
decelerates normally at a rate below 1.5 m/s?, as per the
vehicle dynamics described by Gillespie.

Before  proceeding  with  the  hardware
implementation, extensive simulations were conducted
using Matlab® to examine a range of test conditions.
These evaluations check the capacitors voltage
balancing inside the MLI during the operation of electric
motor. The simulations were performed with the ECE15
standard test drive, a widely adopted method for
assessing energy consumption and emissions. The
primary objective was to calculate and simulate various
dynamic parameters, including voltages, currents, and
trigger vectors, across different operational points.
Importantly, these simulations proceeded without
encountering any stability issues.

Throughout the  simulations, the Energy
Management System (EMS) consistently predicted the
most suitable trigger vector to maintain a 1:3 voltage

relationship between the main and auxiliary levels. This
proactive approach not only ensured the system’s
stability but also facilitated efficient energy
management during the entire simulation process.
Additionally, to validate the effectiveness of the
proposed operational conditions, online verification was
performed using the Power Hardware-in-the-Loop
(PHiL) testbed.

1) Proposed methodology for the EMS
implementation: This modulation determines the
voltage and electricalln this subsection, a whole electric
powertrain model is simulated and implemented. The
proposed MLI and the full implementation are shown in
Figure 6. The model considers the energy chain from the
ESS to the electric motor inside the electric powertrain.
For this case, a PMSM is used as the mechanical
actuator.

A FOC is selected as the control method due to its
technical advantages. The FOC controls the stator
currents represented by a vector in a dg0 coordinate
system invariant over time. Initially, this technique
uncouples the stator flux’s torque control, allowing the
torque regulates the speed through Iq. The FOC
technique has a high performance in the fast dynamics
of the electric motor. Additionally, the FOC algorithm
has a fast execution, which is ideal for real-time
controllers.

An MCU-DSP (TMDSDOCK28377D) of T.IL
implements the FOC and the SVM-NLC. This MCU-
DSP was chosen due to its low-cost and dual-core
architecture capable to build the EMS. Both independent
cores are used to distribute the computational load as
shown in Table 3.

FOC Implementation is in Code Composer Studio
CCS (Eclipse); this technique is done by programming
in C + +, occupying a high-priority periodic interruption
of DSP (13 kHz) for execution. During execution, they
executed several macros: CLARKE MACRO converts
a three-phase in a bi-phase current; PARK MACRO
calculates the Iq and Id stationary currents, which are
related to the rotor shaft; IPARK _MACRO to transform
again Vd, Vq to alpha-beta space; and of course the P.I.
for adjusting the control response using PI. MACRO.

Table 3. Distribution of the computational load in
F28377D
CPU1
UCaps voltage readings
Current readings
Resolver reading & angle

CPU 2
Build alpha-beta space
Trigger vector selection
High-level UCaps

calculation voltage control
Signals filtering Security algorithm to
prevent I & V spikes
FOC implementation Receiving parameters
by IPC
Sending parameters by Parameters conversion
IPC to Full-scale
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In the first core, a FOC sense the currents of R and S
phases and the motor position to adjust the modulation.
The FOC is shown in Figure 6 utilizing different space
transformations such as Clarke and Park (stationary or
rotating frames) to determine the trigger vectors for the
SVM-NLC. In this case, an MTPA technique is used as
frequency and amplitude modulation for torque control
of the PMSM. So, the lLawr current is fixed to zero, and
Iger current is adjusted dynamically by the torque
requirements of the driving cycle. As a result of this
FOC, two signals, Vaipha and Ve, are delivered to the
IPC, which communicates both cores.

The second core receives four signals (Vaipha, VBetas
Ir, Is) to build the alpha-beta space and control the
powertrain energy through a predictive vector selection.
Also, this core has functions of electric safety. All the
time, the cores supervise the dv/dt and di/dt occasioned
during the switching transition, and just in the case that
the safety limits exceed the trigger signal turns off, MLI.
Afterward, the trigger card processed the signals,
transforming the electrical to an optical signal,
preventing false triggering of IGBTs. Thus, the MLI
changes its behavior and adjusts its output to give
adequate motor torque control.

On the other side, the mechanical load is
implemented with an industrial motor controller of 4
quadrants (ABB ACS800-11), which controls a 3 kW
.M. (ABB M3AP). This device is controlled through an
external laptop that provides a 4 to 20 mA signal
according to the load torque required by the driving
cycle. The EMS applied inside the powertrain is
evaluated using an ECE15 standard driving cycle
designed for urban driving. This ECE15 driving cycle is
a single unit of the NEDC reported in the literature.

2) Testbed implementation: Before it describes the
implementation process; it is necessary to define the
electric motor parameters as the characteristic vehicle
parameters required to evaluate the proposed EMS. All
electric parameters are shown in Table 1, and the vehicle
parameters in Table 2. Additionally, all P.I. of FOC
control was adjusted for the inverter configuration.

Now for the testbed implementation, different PCBs
were performed to implement the proposed MLI shown
in Figure 7, taking into account the vehicle and electrical
requirements. Four kinds of PCBs were designed: a
current and voltage sensor card, the main trigger card,
an auxiliary trigger card, and an optical trigger card,
which are shown in Figure 8. The current and voltage
sensor card is charged with conditioning and filtering all
MCU signals to 3.3 Vdc. Also, the main and auxiliary
trigger card manages the switching of the IGBTs and
simultaneously generates the dead time to prevent a
short circuit in each leg. Additionally, these cards
receive an optical signal to avoid false triggers by EML
Finally, the optical trigger card performs the signal
conditioning between the MCU and the trigger cards.
All the testbed electrical components and requirements

are defined in Table 4.

L

o

oIl Optical Trlggers!

Figure 8. MLI diagram block scheme

(Source: developed by the authors)
Table 4. Requirements for Testbed Implementation

UCaps Characteristics 5 Maxwell BMODO0165
P048

Capacitance (Main / Auxs) | 330/165 F @48 V

MLI Characteristics 4 Intellimod
PM100CLA060

Voltage ration (Vmain /| 1:3

Vaux)

Main voltage 33V

Auxiliary voltage 11v

Maximum power
Work power inverter

100 A @ 1200 V (120 kW)
100 A @ 1200 V (120 kW)

Real-time Processor TI TMDSDOCK28377D
MCU-DSP Frequency 200 MHz
Cores 2

FOC frequency 13 KHz
Sensors

Resolver AM256 frequency | 1 KHz

@ Max. RPM

Work resolver frequency | 291 Hz
@1750 RPM

Voltage Sensor (4 Units) LV-20P
Current Sensor (2 Units) HAS 100-S
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The MLI was built and installed in acrylic 8 mm as a
modular prototype with a power capacity of 120 kW.
The wiring between the main and auxiliary levels has a
cable 2/0 to handle currents up to 150 A. The mechanical
coupling was built in steel and aluminum. An elastic
coupling to prevent motor blocking and shaft
misalignment was used to join the shafts of both motors.
The load IM has 3 kW (19,7 nm) @ 1450 rpm.
Meanwhile, the PMSM was used as a traction motor at
22 kW (30 Nm) @ 6000 rpm. For the different
characteristics of the motors, adequate torque and
current control must prevent mechanical damage.

The electric powertrain and the proposed MLI were
designed and built, as shown in Figure 9, in the Power
and Energy Converter Laboratory PECLab of the
department of engineering of the Pontificia Universidad
Catdlica de Chile.

Figure 9. Implementation of the proposed MLI
(Source: developed by the authors)

3. Results

This section shows different results obtained by the
testbed implementation. Four subsections are
established to show different testbed results. The first
three subsection shows preliminary results previous to
the ECE15 reproduction.

In subsection 1, the MLI modulation results (SVM-
NLC) are shown initially. Afterward, the fast response
of the FOC is analyzed, getting the voltage and current
response in front of high acceleration. An analysis of the
mode transition of the PMSM between traction and
generation is performed in subsection 3. Finally, the
final section shows the EMS implementation.

1) SVM-NLC results: Figure 10 shows the
modulation and vector selection employed. This graph
was obtained when the PMSM had 1500 rpm (according
to the .M. limit). It is important to highlight different
dv/dt occasioned by the voltage level transition. These

voltage spikes are prevented using a Snubber Net in
every IGBT occupied in the testbed. A fast Fourier
transform FFT of the SVM-NLC modulation was
performed in Fig. 11. Low harmonics are detected in this
modulation kind. Consequently, it is possible to wait for
reduced motor losses due to few harmonic signals.
Figure 11 was determined using a velocity lower than
1500 rpm obtaining a fundamental signal of 60 Hz.

BWL 10kHz <*
HO|

n;.'.-.'z U Br20U Cr20 U

INPUT A COUPLING INPUT A
(8 OFF DC AC .se OPTIONS..
Figure 10. SVM-NLC Modulation
(Source: developed by the authors)
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Figure 11. FFT for SVM-NLC
(Source: developed by the authors)

2) SVM-NLC results: Figure 12 and Figure 13 show
the back-EMF generated when the PMSM works as a
generator. Meanwhile, Figure 12 shows the back-EMF
at 1500 rpm. On the other side, Figure 13 gives the
voltage and current generated at 800 rpm. This
procedure verifies the generated power of the PMSM.

BUWL 10kHz <&
HOLD

A=10 U B=10U C=10U ig:
proygs | e | e
Figure 12. PMSM Back-EMF generated at 1500
rpm (Source: developed by the authors)
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Figure 13. PMSM Back-EMF generated at 800 rpm
obtained from a PQA (Source: developed by the
authors)

3) FAST Dynamic of PMSM: This result shows the
dynamic response of the PMSM in front of high
acceleration. Figure 14 shows how the FOC modulates
the voltage and frequency when the user requires a high
acceleration. The FOC starts with a low voltage and
frequency to overcome the motor inertia. The prototype
quickly provides the current needed for fast acceleration
of the PMSM, taking advantage of the high specific
power of the ESS (composed of UCaps).

Figure 15 shows the motor current required to
accelerate until 1500 rpm. As expected, the motor
current is initially high; meanwhile, the inertia is
overcome, and the current is reduced afterward.

BWL 10kHz B
Z00M 4

VAU

A=20 U B=20
Figure 14. MLI voltage for fast acceleration
(Source: developed by the authors)
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Figure 15. MLI current for fast acceleration
(Source: developed by the authors)

4) Traction and Regenerative mode: Figure 16 was
obtained with the motor’s coupling and a constant load
generated by the .M. A visible transition between the
traction mode and generator mode is shown in Figure
16.

Start: 00:00:00

End: 00:00:06 ZooM -2

UIEW ALL ~Z00M

LR OFF

Figure 16. PMSM Transition between traction to
generation (Source: developed by the authors)

H
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5) Traction and Regenerative mode: The ECE15 cycle
must be modified according to the revolutions restriction
(1500 rpm) of the load I.M. for the test performance.
Thus, all ECE15 speeds must be reduced. On the other
hand, the ECE15 cycle should be followed manually by
manipulating the Iq reference potentiometer (located in
the testbed as shown in Figure 8). All speeds and times
inside the cycle must have a tolerance band. An
international standard for E.V. (ISO 8714) is used to
reproduce the ECE15 driving cycle, as shown in Figure
17. The ISO 8714 standard is a test procedure for
estimating the energy consumption and range for
passenger and light commercial vehicles. The standard
is predefined with a velocity tolerance of £2 km/h and a
time tolerance of +1 s for the experimental reproduction
of a driving cycle. As a standard advantage, the energy
consumption has a low deviation from the accurate
energy consumption.
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Figure 17. ECE15 exp:rirﬁental reproduction
(Source: developed by the authors)

In the test, it should be noted that the prototype only
handles a maximum of 100A (70.7 Arms) due to the
technical constraints of IGBTs. For this reason, the
maximum torque is obtained by multiplying the RMS
current and the constant torque 0.14 engine Nm/A. As a
result, the maximum torque generated by the PMSM
under the current restrictions is 9.89 Nm, i.e., just 50 %
of its 19.7 Nm of maximum torque.

Start: 00:00:00 End: 00:03:35

ZOOMEB G| 15

Figure 18. ECE15 Phase-phase voltage of the
PMSM (Source: developed by the authors)

The ECE15 driving cycle used for testing the
methodology is shown in Figure 18. As a result of the
EMS control, Figure 18 was obtained. The UCap
voltages present an adequate voltage balance between
them. Additionally, the EMS controls pursue the
reference with an error lower than 5%. As a result, the
vehicle accurately follows the ECE15 driving cycle.
Simultaneously, the FOC control works adequately,
controlling the i; and i; currents controlling the
SVPWM.

4. Discussion

The Energy Management System (EMS) tested using
the Power Hardware-in-the-Loop (PHIL) setup shows
that our multilevel inverter powered by ultracapacitors
works very well in real-time conditions. The results
indicate that the SVM-NLC modulation method is more
efficient than the conventional SVPWM, reaching
91.7% compared to 90.6%. This improvement comes
from fewer switching events, which reduce energy
losses.

The system keeps the voltage ratio between the main
and auxiliary ultracapacitor banks stable at 1:3, with
errors under 5%. This precise control ensures smooth
power delivery to the Permanent Magnet Synchronous
Motor (PMSM), even during fast acceleration or
regenerative braking. The predictive vector-selection
strategy in SVM-NLC helps manage these rapid changes
effectively.

The EMS also does a great job capturing energy
during braking. It first stores energy in the main
ultracapacitor and then sends extra energy to the
auxiliary bank. This strategy maximizes recovery and
reduces losses. Tests on the ECE15 driving cycle show
the system can handle torque up to 9.89 Nm safely, even
with the 100 A current limitation. Summary of Key
Performance Metrics in shown in Table 5.

Overall, the results confirm that the EMS with SVM-
NLC and the multilevel inverter:

e Improves inverter efficiency by reducing

switching losses.

e Keeps ultracapacitor voltages well balanced.

e Recovers more energy during braking.

e Maintains accurate motor torque and current

under dynamic conditions.

e Produces smooth currents, keeping THD low

and system stable.

L]

Table S. Summary of Key Performance Metrics

Parameter NLCSVM- SVPWM Unit Notes

Inverter Efficiency 91.7 90.6 o, SVMNLC  reduces
switching losses

Ultracapacitor o Maintains ~ main:aux

Voltage Error <3 <3 % ratio 1:3

Maximum PMSM 989 9.89 Nm Limited by 100A

Torque ’ current

Motor Current THD ~ 1.12 0.64 5, SVPWM o slightly
smoother

Energy  Recovery . Bettf:r r;generatlve

Efficiency 95 92 %  braking with SVM-
NLC

Switching 160 20.000 Hz Lower in SVM-

Frequency ? NLC, saving energy

In short, while SVPWM gives slightly smoother
current, SVM-NLC improves efficiency and energy
recovery, making it more practical for real-time EMS
applications with ultracapacitors.

5. Conclusion

This paper introduced and tested an energy
management system (EMS) for a multilevel inverter
with total harmonic distortion (THD) below 10 percent,
designed for electric powertrains in battery rapid transit
systems. The authors employed Power Hardware-in-the-
Loop (PHiL) methods to build and validate the system
in a real-time testbed, ensuring effective inverter control
and energy flow management. By harnessing the high-
power density of ultracapacitors as the main energy
source, the study optimized performance for real-world
use.
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The key contribution is the innovative, real-time
PHiL implementation of an EMS in a flexible two-level
multilevel inverter powered solely by ultracapacitors.
This setup allows seamless two-way energy flow and
stable voltage balancing via predictive vector selection
with space vector modulation-nearest level control
(SVM-NLC). In contrast to earlier research emphasizing
simulations of hybrid systems or non-real-time
optimizations, the hardware-verified approach delivers
91.71 percent efficiency under ECE15 driving cycles,
extending vehicle range by up to 8.9 percent through
reliable real-time control. These advancements pave the
way for practical ultracapacitor-based powertrains that
boost regenerative braking and minimize energy losses.

From the findings, the authors suggest incorporating
this EMS into electric vehicle designs to improve energy
recapture during braking and overall efficiency—
especially in city transit where stops are common.
Engineers may also favor SVM-NLC modulation over
space vector pulse width modulation (SVPWM) when
aiming for reduced switching losses and steady real-time
operation.

Looking ahead, future work could examine hybrid
setups blending ultracapacitors with batteries to prolong
range and durability. Testing across varied driving
scenarios, like highways or high-demand routes, and
adapting the design for larger commercial vehicles
would broaden its real-world potential. Exploring
cutting-edge predictive tools or machine learning for
smarter vector choices could further enhance flexibility
in changing conditions.
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