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ABSTRACT This manuscript proposes a multiple-input, multiple-output (MIMO) model for an engine-
induction generator set in series hybrid/flex vehicles (SHVs). The model outputs are simplified using
linear combinations of the inputs via a steady-state gain matrix, with gains defined in terms of the
SHV electrical parameters. A reduced-order model is proposed to reliably analyze the dynamic behavior
by incorporating the state variables of the powertrain’s electrical system. This facilitates the design of
energy management systems (EMS) and power converter sizing, enhancing the efficiency of the engine-
generator set. The mathematical solution was validated through simulations and experimental results,
including mechanical power calculations derived from vehicle dynamics applied to an SHV laboratory-
scale prototype. Experimental findings demonstrated the effectiveness of a simple EMS in reducing
fuel consumption while maintaining the internal combustion engine within its optimal efficiency region.
Furthermore, this study presents a practical and cost-effective alternative for ICE-generator systems by
replacing permanent magnet synchronous generators (PMSGs) with induction generators (IGs).

KEYWORDS Hybrid/flex vehicles; ac/dc converter; three-phase induction generator; engine-generator set;

circuit modeling; Hardware-in-the-Loop.

I. INTRODUCTION

Despite technological advancements, air pollution continues
to pose a significant global challenge. Addressing this issue
has become imperative as nations face mounting environ-
mental pressures to reduce carbon dioxide (CO2) emissions.

In response, Brazil has initiated the MOVER 2030 pro-
gram, which provides financial incentives to foster research,
energy efficiency, and safety within the electric mobility
sector. Among various sustainable solutions, series hybrid
vehicles (SHVs) emerge as a promising alternative [1]]. These
vehicles offer reduced dependency on non-renewable fuels,
lower fuel consumption, and decreased maintenance costs for
consumers, aligning well with Brazil’s vast highway network
and reliance on road transport [2].

SHVs utilize as primary energy source an internal com-
bustion engine (ICE) powered by gasoline or ethanol coupled
with an electric generator to meet power demands, supple-
mented by energy storage devices such as electrolytic ca-
pacitors, supercapacitors, or batteries. These storage devices
improve ICE efficiency while supporting transient power
requirements during acceleration and deceleration phases.
SHVs utilize gasoline or biofuel as their primary energy
source, employing an internal combustion engine (ICE)
coupled to an electric generator to meet the vehicle’s power
demands. Energy storage devices, such as electrolytic capac-
itors, supercapacitors, or batteries, are integrated to enhance

ICE efficiency and support transient responses during vehicle
acceleration and deceleration.

In this context, to ensure continuous power delivery from
the electric generator to the storage elements, a three-
phase rectifier is essential. In [3]], three types of three-
phase rectifiers were analyzed: an uncontrolled rectifier with
diodes, a controlled rectifier with thyristors, and an ac/dc
converter with pulse-width modulation (PWM) control. The
study concluded that the ac/dc converter provides superior
flexibility, reliability, and controllability, making it the most
suitable power solution for SHVs.

Although the ac/dc converter is the optimal solution for
electric mobility, its topology involves a large number of
semiconductors. The quantity of semiconductors is directly
proportional to the number of switching modes within a
PWM cycle [4]-[6]. Consequently, modeling these convert-
ers dynamically, while accounting for the superposition of
all switching modes during a PWM period, significantly
increases computational complexity. This can delay simu-
lations and hinder the timely execution of projects focused
on control and energy management systems (EMS) [2].

In EMS, various strategies are employed to achieve opti-
mal power sharing between the primary source and storage
devices [7]]. Data-driven control approaches, combined with
deep reinforcement learning-based strategies as developed
in [8], [9], eliminate the need for prior knowledge of the
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converter’s dynamic model. However, this lack of model
dependency can impact the reliability of such designs con-
cerning stability and safety. In contrast, EMS and control
designs based on known dynamic models offer greater relia-
bility by enabling precise observation of the state trajectories
and control actions at specific operating points [|10].

In this context, based on [11]], [[12]], the authors in [2]
developed a state-space model considering a permanent mag-
net synchronous generator (PMSG) with an ac/dc converter
and a battery with a dc/dc converter, both connected to the
dc-link of a SHV powertrain. The study aimed to reduce
the complexity of implementing an EMS model for a fully
active topology in SHV. However, the proposed model did
not offer solutions for power control actions for the PMSG,
specifically based on the phase angle and armature-applied
voltage. Additionally, the model was applied exclusively for
the PMSG and cannot be generalized to other generators,
such as the three-phase induction generator.

In [[13]], the operational behavior and performance of self-
excited induction generators (IGs) and PMSGs for small-
scale isolated applications are compared. The study uses
the same power source (a constant-speed prime mover) and
load conditions (both resistive and inductive loads). Self-
excitation and voltage regulation are experimentally investi-
gated for IGs and compared to the performance of PMSGs.
The findings suggest that both generators are suitable for
small-scale isolated systems. However, if cost is not a con-
straint, PMSGs are recommended due to their ability to elim-
inate the need for additional capacitor arrangements for self-
excitation and Volt-Ampere Reactive (VAR) compensation.
Additionally, the use of PMSGs in SHVs is advantageous
due to their efficiency, reliability, and compact, lightweight
design, making them suitable for vehicle loads [14], [[15].

Conversely, the authors in [13] concluded that IGs are
preferable for cost-effective, small-size, flexible operation
in both three-phase and single-phase modes, with enhanced
reliability. Moreover, the efficiency and voltage regulation
of IGs can be improved by specialized machine design
and power electronic converters [16]]. In this case, the need
for additional capacitors for self-excitation and Volt-Ampere
Reactive (VAR) compensation is eliminated. Therefore, con-
sidering the favorable cost-benefit ratio and the extensive
body of literature on IGs [[16]]-[18], there is a clear need to
investigate the energy generation subsystem of SHVs using
IGs as the electric generator, in order to assess their perfor-
mance and efficiency within the overall electrical powertrain.

To address these research gaps, this paper proposes a state-
space model for an ICE-IG set and a battery connected to
the dc-link in a semi-active topology SHV powertrain. The
main objective is to enable designers to properly size the
power converter and evaluate new control strategies for the
SHV propulsion system using hardware-in-the-loop (HIL)
simulations, as implemented in [19], or laboratory-scale
setups, as demonstrated in this paper. The specific objectives
of this work can be summarized as follows:

1) Simplify the multiple-input, multiple-output (MIMO)
dynamic model to enable easier manipulation of trans-
fer functions, as well as efficient calculation of equi-
librium points and linearization;

2) Access the control inputs in the MIMO system to
manage the rectified power from the IG in terms of
frequency and the slip, which is associated with the
control valve position of the ICE;

3) Make the MIMO model reliable for use in EMS and
sizing projects for SHVs, ensuring good accuracy for
HIL simulations while maintaining a low computa-
tional cost;

4) Emphasize the use of the ICE-IG set as a viable and
cost-effective alternative for the power generation sub-
system in low-power scale SHVs, offering a practical
solution for energy generation in hybrid systems.

The paper is organized as follows: Section |lI] presents the
semi-active topology description and the ICE-IG set mapping
efficiency; Section presents the SHV powertrain model-
ing; Section presents the simulation results; Section
presents the experimental results obtained from a low-power
scale prototype; and Section |VI| presents the conclusion.

Il. SYSTEM DESCRIPTION

The series hybrid/flex electric architecture used in this work
is illustrated in Figure [I] The topology is considered semi-
active, where the battery is directly connected to the dc-link
while a three-phase induction generator (TIG) is tied to the
dc-link by using the power converter [20]. In this manner, the
vehicle’s propulsion system is fully electrified and powered
by the dc-link, serving as the common energy-sharing point
between sources and loads.

The energy flow is illustrated in Figure [I} As shown
by the arrow directions, the battery can either absorb or
supply energy to both the engine-generator set and the
traction motors. The electric traction motors are capable of
consuming power during vehicle operation and charging the
storage elements in the dc-link during regenerative braking.
This regenerative braking process enhances the vehicle’s

de-link  dc/ac

Battery converter Traction
ac
| <>
H—r M
Induction  ac/dc
ICE generator converter
e —
de | |« \2C
N — - dC

FIGURE 1. SHV architecture with the semi-active topology including a
battery connected to dc-link, an ICE-IG set connecter to an ac/dc
converter, and additional dc/ac converters used to drive the electric
motors.
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local efficiency, allowing for greater distances to be covered
through energy recovery.

During the driving cycle, the engine-generator set continu-
ously supplies energy to the storage elements, except during
ICE startup scenarios, when assistance from the batteries is
required to adjust the ICE speed through the generator. This
ensures that the ICE operates within its optimal efficiency
region, as illustrated in the generic efficiency map shown in
Figure 2] [21]], [22].

Therefore, as one of the objectives of this work is to reduce
fuel consumption, an EMS is important to operate the ICE at
the torque, speed, and power levels that maximize efficiency.
In Figure [2} the curves generated by the combination of
torque and speed illustrate the fuel consumption rate per
kilowatt-hour (kWh) [21]], [22]. This value decreases toward
the nominal torque and speed point along the optimal opera-
tion line, where the ICE operates with maximum efficiency.

To ensure greater efficiency in converting mechanical
to electrical energy, the TIG must be sized to match the
nominal operating conditions of the ICE (rotational speed
and torque levels). Thus, Figure illustrates the operating
region where the induction machine functions as an electric
generator, i.e., when the rotor speed exceeds the machine’s
synchronous speed (frequency of the voltage applied to the
stator), resulting in negative slip. Consequently, the negative
slip generates negative torque to counterbalance the positive
torque from the ICE, achieving static force equilibrium.
Finally, the negative torque during rotor rotation generates
electrical energy for the storage devices and propulsion
system.

Based on the aforementioned ideas, Figure illustrates
the efficient generation region of the TIG, while Figure [3(b)
depicts this region in terms of efficiency. The efficiency of
the TIG decreases during no-load operations and at slip val-
ues far beyond its nominal range. Therefore, it is important
to determine the lower and upper slip limits to optimize
the conversion of mechanical energy into electrical energy.
Subsequently, to achieve higher efficiency in the conversion
of mechanical to electrical energy, it is advantageous to

Optimal operation line

Max. engine torque

215
225 235

T 950
300

>

Fuel consumption (g/kWh)
Engine speed (RPM) —3

Engine torque (Nm) —3»

FIGURE 2. ICE fuel consumption per kilowatt-hour in terms of torque and
speed.
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Efficient
generation

0
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FIGURE 3. (a) Torque vs rotor speed for TIG, highlighting the generating

region. (b) TIG efficiency and power, highlighting the nominal slip range in
efficient generation region.

operate the TIG at synchronous speed and with slip values
close to the nominal range.

lll. PROPOSED MODELING FOR A HYBRID/FLEX
VEHICLE

An analytical understanding of the model facilitates the
design of the engine-generator set to operate more efficiently
in SHV solutions with varying electrical characteristics. This
work presents a study on modeling the hybrid system based
on the powertrain semi-active topology shown in Figure []
with a focus on the energy generation subsystem.

The battery terminals are connected to the dc-link through
an inductor filter, which flows the instantaneous current
ipatt- The engine-inductor generator set is tied to the dc-
link by a bidirectional ac/dc converter, where i; is the
instantaneous phase currents extracted from the TIG and dj,
the instantaneous duty-cycles applied to the ac/dc converter,
for k € {1,2,3}.

Additionally, the dc-link processes the average output cur-
rent of the battery 7y,¢¢, the ac/dc current ¢4, the current flow-
ing through the load R and the average vehicle power/current
i, subjected to the instantaneous dc-link voltage v, on the
capacitance C,,.

Based on the powertrain description, the mathematical
model of the overall electrical topology is developed as
a multiple-input multiple-output (MIMO) system using the
average state-space modeling technique.

Battery dc-link Engine-generator set

=

. sDafratra

?3 2H %y, 7sLs Ly 7y /¢
.

7 i < W
b‘”tT Ly R to ToLg L.7/s¢
Vbatt C,

MM

W=
]
N\
<
S

S 7oLy L7y /sy
kb,

FIGURE 4. Semi-active topology variables used, with battery direct linked
on the dc-link and the ICE-IG set voltage regulator, which includes an
ac/dc converter.

Eletrénica de Poténcia, Rio de Janeiro, v. 30, e202520, 2025. 3


https://creativecommons.org/licenses/by/4.0/

Campos et al.: Engine-Induction Generator Set Modeling for Hybrid/Flex Vehicle

A. Modeling of inductor currents
The dynamics of the battery inductor current is given by

b i Vo Viatt
7 batt — T
Ly ™ Ly Ly

Tpatt = — (D
where Vj,+: is the battery terminal voltage input and 4pqy+ 1S
the instantaneous current, filtered by the inductance L; and
its parasitics losses 7.

In the same way, the currents i with k& € {1,2,3}
extracted from the TIG can be derived from the differential
equations based on the induction generator equivalent circuit
(1 1]:

. T T . Vo
= — (= - — 2
g (Lf+S[L )Zk Lfdlw (@)
. 2(k—1
dr, = ;)ffii sin <wft — (k?)>7r) 3)

where Ly is the sum between the stator inductance L, and
rotor inductance L, while the rotor and stator losses are
given by 7, and r,, respectively. The duty-cycles d, €
[—0.85,0.85] are calculated to establish a linear relation-
ship between the phase terminal voltage and the machine
synchronous frequency f, while f;,,4, is the maximum syn-
chronous frequency and wy = 27 f represents the machine
angular velocity. Finally, s, represents the machine slip,
which is related to the torque produced by the TIG for power
generation.

Subsequently, solving the differential equation in (2), the
instantaneous currents i, neglecting the initial transient
response, are calculated according to

a1 Lysqwycos(wyt)  ay(ry + rsse) sin(wyt)

1= - G
' b b
ia :W sin(m/3 +wyst) — ...
1
o a1 Lyspwy cos(m/3 + wyt) 5)
63} ’
i3 = — Wsin(w/i’) —wyst) — ...
1
. a1 Lysewy cos(m/6 + wyt) ©)
f1
where
0.85
o = ’Uo2f7f5€ and 1 = (Lysewys)? + (ry + rs80)>.

Therefore, the average output current of the ac-dc con-
verter iy is given by

ip = irdy + igdy + isds. (7)

Finally, the average current 44 is achieved by substituting

@), @. @), and (8) in (7), which yield

) 0.85f 2 3sp(ry + 1rs80)
=T f 8531

. ®)

B. Modeling of dc-link voltage

To couple the power converter and loads connected to the
dc-link, the contribution of each current flowing through the
common coupling point, as shown in Figure [5] results in the
dc-link voltage dynamics as follows:

dv,
a  C, C,
In steady-state regime, considering the equilibrium opera-
tion, ¥, = 0, the dc-link average voltage can be determined

as follows:

ibatt id) Vo io (9)

Vo = (Ibatt - Io) /82 (10)

where
_ 8ﬁ 1 f gzaa: R
Pz = 2.17TRso(ry +7s50) f2 — 861 f2 00
I, the constant current from the vehicle load, and I, is the
average current that flows by the battery, which is obtained
replacing (I0) in (I), assuming ibatt = 0:
%att IoﬁZ ) (11)
Ty + B2 T+ o

In this manner, the dc-link voltage gain and the battery
current can be analyzed in steady-state regime based on the
TIG operation points.

Ibatt =

dc-link
Lpatt l& lio i¢
R Vo
1+ dv
R f— o
lc" dt

FIGURE 5. Currents flowing over the dc-link coupled by the dc/dc and
ac/dc bidirectional converters.

C. State-space average model and static gain
The state-space model is obtained using (1), ©) and (),
defining the input vector u = [Vpg iO]T, the state vector
; T . ST
T = [ipart Vo] and the output vector Yy = [iparr Vo i¢)
Additionally, the authors are able to calculate A € R2*2,
B € R?*2 and C € R?*2, represented by
r=A B
{:c T + Bu (12)
y=Cx
where A, B and C' are matrices dependent of the electrical
circuit parameters, given by

A 1

Ly T L,
A= 1 <_ <0.85f)2 3si(rr4rsst) 1> , (13)
C, fmaz 8681C, RC,
1
— 0
B = [L()b _1] , (14)
Co
1 0
c=|° ) (15)
0 — (0.85f) 3si(rrtrssi)
L fmax 861
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To analyze the steady-state under different operating con-
ditions, the static-gain is obtained. Therefore, using the
matrices described in (13)), and (13), and assuming that
the power-plant is working in steady-state as X = x(00),

U=u(x0)eY =y(c0), that is, X = 0:
X =-A"'BU
Y =-CA'BU ’
the static gain matrix is obtained using (I6)), resulting in
G=-CA'B, (17)

where the elements of G, denoted G, are presented in Table

@

TABLE 1. Matrix elements of G.

(16)

o1+ Roo Ro1
G11 Gi2
ryo1 + R(o1 + rpo2) ryo1 + R(o1 + ry02)
R —R
Goy a1 Ga TpO1

rp01 + R(O’1 + TbO'Q) rp01 + R(O’1 + T'bO'Q)

—Ro2
ryo1 + R(o1 + rpo2)

Rryog
ryo1 + R(o1 + ryo2)

o1 =81 as (31257 + 51
02 = 3(0.85f)(rrsp + 1ss3)

IV. SIMULATION RESULTS

In this section, the model in , treated as a MIMO
system, will be validated as in [2f], [5]. To achieve this,
MATLAB/SIMULINK software is utilized, with the electrical
parameter values for the SHV powertrain in the laboratory-
scale prototype provided in Table [2| The parameters of the
laboratory-scale prototype used to emulate the vehicle and,
consequently, the load on the dc-link is presented in Table

A. Validation of the average model

The responses of the switched circuit are compared with
those obtained from (I2)). The switched electrical circuit
was developed using SIMULINK, while (I2) was solved by
the Runge-Kutta toolbox in MATLAB. The simulation was
conducted with fixed time steps of 10~% seconds.

A vehicle load profile i,, was extracted from the New
European driving cycle, considering vehicle dynamics along
with aerodynamic and rolling losses [23]]. Additionally, the
responses from (12) and the simulated switched circuit are
displayed in Figure[6] It is evident that the dynamic response
of the simplified model follows the dynamics of the switched
circuit.

The average errors between the theoretical model and the
simulated switched circuit for 4p44, i and v, are 0.025 A,
0.022 A and 0.10 V, respectively. The percentage error with
respect to the root mean square (RMS) values of iy, g
and v, are 4.12%, 5.45% and 0.03%, respectively. This

TABLE 2. Laboratory scale prototype parameters.

Parameter Value
Rated current 1 Ah/5 A @ 5C
Rated voltage (Vpqet) 310V
Battery
Lb 5 mH
b 100 mQ2
Rated voltage/current 220 Vrms/1.25 Arms
Nominal velocity 3,600 RPM @ 2 poles
Rated/peak power 500 W/1,000 W
TIG WEG - -
Efficiency/slip >T77%/15%
(W22 IR3)
Lr=Ls 50 mH*
Ts 8.32 O*
Ty 6 O*
Min./max. ve 260 V/410 V
dc-link R 400 Q
Co 1,000 uF
d Rated/max. power 800 W/2,200 W
ac-dc
Efficiency >90%
converter O H
z
(CFW300) — %
fs 10 kHz

* Parameters estimated at a nominal speed of 3,440 RPM.
fs: Switching frequency.

relative error is attributed to the sampling time used in
the switched model, which impacts the processing time for
calculating the outputs. Although the models exhibit errors
around 5% in 44, it can still be inferred that the simplification
provides good accuracy compared to the more complex and
computationally demanding switched model.

B. Static gain matrix

The static gains graphs are plotted to assess the influence of
the synchronous speed and the slip of the engine-induction
generator set given by the mathematical model gains pre-
sented in Table [T} Figure [7] displays the gains variation as a
function of the TIG synchronous frequency f in the range
[25 35] Hz and the slip s, in the range [—1 0], while
the other electrical parameters were kept constant according
to the values in Table E} For G;j, the rows ¢ € 1,2,3
correspond to the outputs ipqt, Vo, and 44, respectively, while
the columns j € 1,2 are associated with the inputs Vj,s and
10, respectively.

TABLE 3. SHV Laboratory-scale prototype parameters.

Parameter Value
Three phase induction

Machine type
motor (WEG - W22 IR3)

Rated voltage 220 Vrms

Rated/max. current | 1.18 Arms/2.27 Arms
Rated/max. power 250 W/500 W
Nominal velocity 3,600 RPM @ 2 poles
Efficiency/slip >T73%/6%

Eletrénica de Poténcia, Rio de Janeiro, v. 30, e202520, 2025. 5
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FIGURE 6. Vehicle speed and dc-link current load. Additionally, the
variables output of the theoretical model was compared to a simulated
switched circuit.

For all combinations of s, and f, G11 = 0 and G2 =~ 1,
indicating that the input i, has a greater influence on the
output ipesr than Vieee. This is due to the direct connection
of the battery to the dc-link, which allows the storage unit
to supply the remaining vehicle load demand, given that the
load provided by the engine-generator set remains constant
for all selected combinations.

On the other hand, GG3; ~ 1 indicates a strong relationship
between v, and Vp,; due to the direct connection of the
battery terminals to the dc-link in the semi-active topology.
Additionally, Go2 =~ —0.1 shows that load variations can
significantly impact the steady-state value of v, for magni-
tudes of i, greater than 10 A. However, the load handled by
the vehicle prototype is of low magnitude (low power scale),
resulting in minimal disturbance to v,.

Although the gains G3; and G329 are low, the final output
ig is significantly influenced by Vjqs, which exhibits high
values due to the use of the dc-link. This is because Vpq¢
affects v,, and the rectified output i, depends on the high
dc-link voltage. Furthermore, for the vehicle prototype with
the components listed in Tables [2] and [3] the load i, <1 A
does not influence the output g4, since Gz2 ~ 0.

Finally, it is noted that (G3; experiences an increase in
gain for higher f and for s, ~ 0.25, indicating that more
power from the engine-generator set will be delivered to the
vehicle. However, this operation requires a high slip, which

may lead to inefficiencies in electrical energy conversion and,
consequently, in fuel economy.

To validate the steady-state analysis of the MIMO system,
the switched circuit was simulated for different combinations
of f, sy and i,. The results obtained were compared with
the predicted steady-state values based on the gains of G.
To simplify the analysis, a constant load profile ¢, was used,
representing a steady-state load regime during the vehicle
cruising speed.

As shown in Figure [§] the outputs of the switched circuit
reach the steady-state values predicted by the model in (16)
while the quantitative results are presented in Table 4 The
quantitative results showed a low relative error between the
outputs of the simplified model and the switched model, sup-
porting the reliability and accuracy of the analyzed model.

The average output current of the ac/dc converter is highly
dependent on f and s,, which, in turn, affects the resistive
torque of the TIG on the combustion engine coupled to its
rotor. As f approaches 60 Hz, the TIG exhibits improved
efficiency and performance, increasing the power injected
into the dc-link. This power can be controlled by selecting
s¢ within the machine’s rated range. Although the supplied
power is higher at greater slips, the TIG experiences high
overload and reduced efficiency. Therefore, it is recom-
mended to use slip values below 10%, as suggested by the
technical specifications.

TABLE 4. Theoretical model outputs and the error in relation to the
simulated switched model.

f=30Hz f=35Hz
Error Error

sg = —0.1 sg = —0.2
) (%) , (%)

io = 0.5 A io = —0.9 A

thatt (A) 0.94 1.05 -0.66 0.51
vo (A) 309.91 0.01 310.07 0.03
ig (A) 0.34 4.61 0.54 0.2

V. EXPERIMENTAL RESULTS

The experimental tests to validate the proposed model were
conducted on a laboratory-scale prototype, as illustrated in
Figure O] The prototype’s electrical parameters for both
the energy generation and vehicle traction subsystems are
provided in Tables [2] and [3] respectively.

Engine-generator set emulation: A pair of three-phase
induction machines was used to emulate the engine-generator
set, where the internal combustion engine is represented
by a three-phase induction motor (TIM) and the electric
generator is represented by a TIG. Each machine has a
dc/ac converter for speed control via analog commands. The
operating principle consists of using the TIG to control the
speed on the coupling shaft of the machines at the reference
fq through a closed-loop vector control. Coupled to this
shaft, the TIM adjusts its synchronous speed f. using open-
loop V/f control. The difference between f. and f, induces
a slip in the TIG, which determines the torque effect and
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FIGURE 7. Influence of the TIG slip and its synchronous frequency, according to the static gain matrix.
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FIGURE 8. Comparison of the switched circuit response with the model
prediction using the static gain matrix for different combinations of f, s,
and i,. The red line represents the output of the switched circuit, while
the black line represents the theoretical model prediction based on the
Table[dl

consequently changes the power processed by the electric
generator as follows:

{Sg<0andi¢>0, fo> fa as)

s >0and ig <0, f.<f,

Therefore, the angular position of the accelerator pedal
can send a reference signal to adjust f., introducing slip
in the TIG and thereby emulating the power transfer of the
engine-generator set.

Vehicle load emulation: To emulate the vehicle load, two
pairs of three-phase induction machines were coupled as
well. In each pair, one machine operates as a propulsion
motor while the other emulates the vehicle resistive forces
(inertia and aerodynamic drag). The operating principle is
similar to that of the energy generation unit, where each
machine is connected to a dc/ac converter that receives
analog signals for controlling its speed and torque.

The synchronous speed difference between the coupled
machines determines the slip and torque (73,) applied by
the propulsion system. When the synchronous speed of the
resistive machine (f;.s) is lower than that of traction (f;,.),
the vehicle consumes energy (in scenarios of acceleration
and cruising speed); otherwise, regenerative energy produc-
tion occurs (in braking scenarios). Thus, the vehicle load
emulation can be empirically estimated using the following
mathematical approximations:

{z‘o & Torfir =0, fir > fre (19

o OC Ttrftr <0 ftr < frs

Thus, f,s can be determined in terms of f;. based on the
vehicle dynamics equations, as follows:

ftr = % (pacc’y — Pvk”Y — ftr) with
frs:ftr*ajftrfcdgft%ﬂ pacchbk >0
frs = fir, otherwise

(20)

where J and Cy, are the inertia and drag coefficients of the
prototype vehicle, p,.. and py; are the accelerator and brake
pedal pressure normalized (0 to 1), while o and ~ are unit
conversions. Therefore, after calculating f,, it is normalized
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to be sent as a control signal to the dc/ac converters of the
coupled machines.

Finally, two pedals were utilized to emulate the vehicle’s
accelerator and brake. In this test bench setup, the acceler-
ator and brake pedals send reference signals to control the
machine synchronous speeds.

Battery emulation: To emulate the battery, a bidirectional
programmable power supply model manufactured by Itech
Electronics was used. This power supply is embedded with
software that allows the emulation of an energy storage
system, enabling the configuration of parameters such as
minimum/maximum current, voltage, state of charge, and
energy capacity in Ah. The power supply terminals were
directly connected to the dc-link via an inductor, while
the TIG was connected to the dc-link through the ac/dc
converter.

Remark 1:

Although the battery dynamics were not considered in the
modeling, its non-linearities were taken into account in the
experimental results. The battery terminal voltage was not
constant, being defined as a function of its state-of-charge.
However, the state of charge did not change significantly in
the experimental results.

Electronic Control Unit: The control commands that
generate the speed references for the machines were devel-
oped in SIMULINK on the host computer. Subsequently,
the program was compiled and integrated into the dSPACE
MicroAutoBox II. This device is used as the electronic
control unit (ECU) of the system and has an integrated
graphical interface on the host computer, where real-time
reading of current and voltage signals measured by the
sensors is performed, along with data recording, filtering,
and exporting.

Engine-generato ©
=1 | emulation ben j

T set
ch
5))

battery sources

FIGURE 9. Laboratory-scale SHV prototype along with bench devices for
testing and experimentation.

A. Theoretical model validation

The theoretical model of the average current i as in (8) was
validated by comparing the average power generated with the
experimental data collected from the generation subsystem
prototype shown in Figure 9] The results were compared un-
der different operating conditions by systematically varying
f and sy in both the theoretical model and the TIG of the
experimental bench.

In order to increase the accuracy of the theoretical model
with experimental data, (8) was adjusted by modifying the
inductance L¢ with a magnetic saturation coefficient, which
exhibits non-linear behavior at low frequencies. Magnetic
saturation occurs when the magnetic flux exceeds the core
material’s capacity to store it linearly, altering the nominal
inductance value of the machine [24].

Thus, measurements of the machine’s magnetizing current
were taken at different frequencies, which allowed the em-
pirical formulation of the following mathematical model for
the saturation coefficient:

1

1+caecﬁ(f~/*fg)7 @D

ksat =

where c,, cg, and f, are parameters estimated based on
experimental data. Thus, the new inductance used in (§) is
expressed as follows:

Lne’w = Ls/ksat~ (22)

As shown in Figure[I0] the theoretical model demonstrated
similarity with the experimental data. The behavior of kg4
in (]2;1'[) closely matched the experimental data, while the
machine power results for different frequencies and slips
showed average errors below 3%.

However, the model still does not account for variations
in core loss and rotor resistance at low frequencies, which
may impact the energy efficiency analysis in these operating
regions. Given that the TIG operates far from these frequen-
cies, these effects become negligible in (8). Nevertheless, to
achieve a high precision model suitable for robust controller
designs, it is necessary to incorporate a state observer in (12))
using a Kalman filter, as implemented in [25]], and to estimate
parameters across a wider range of operating frequencies,
which can be achieved through meta-heuristic optimization
techniques, as presented in [26].

B. Engine-generator set energy management
A simple power control method was implemented using the
laboratory-scale prototype, where pedal pressure generates
torque reference for the traction motors and the combustion
engine simultaneously. In this way, the vehicle starts to move
while the primary source supplies the required power. The
batteries in the dc-link act as auxiliary sources to meet the
high-frequency demands in the vehicle responses, such as
sudden accelerations and braking.

In Figure [T} the schematic to generate the traction torque
command s and the slip signals to the TIG is exhibited. The
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FIGURE 10. Comparison between the experimental data obtained on the
test bench (Figure[3) and the theoretical data obtained from (8) and for
different synchronous frequencies.

pedal pressure gives the reference signal u,, to speed-up the
vehicle and increase the combustion engine ignition.

The pedal pressure affects the angular position of the
throttle valve in the carburetor. This valve increases the flow
of the ignition mixture, increasing the torque produced by
the ICE. Thus, the dynamics of this process was simplified
to a low-pass filter LPF(s) with gain k,, where the output
signal is the slip sy,. Additionally, s, is added to the initial
slip s¢0, Which constantly acts on the TIG. The sum of s,
and sy, corresponds to the reference slip sy, ., which is used
to generate the rectified current 74, adjusted in terms of the
synchronous frequency f and sy.

In this context, Figure [I2] presents the data collected from
the energy management test of the engine-generator set on
the laboratory-scale prototype, as well as the theoretical data
extracted from the model in (I2). It shows, from top to bot-
tom: the behavior of the pedal pressures for the throttle and
brake; s, given by the synchronous frequency difference
of the induction machine emulating the combustion engine
and the electric generator; the rotational frequency of the
induction machines emulating the traction and resistance of
the vehicle prototype; the power processed by the engine-
generator set (Py.) and by the batteries (FPq4); and lastly,
the dynamics of the voltage on the dc-link.

The throttle and brake pressures adjust the speed of the
vehicle propulsion machines according to the first-order
system. As shown in Figure [I2} the frequencies f,. and f,,

Drivers || Traction dVehicl_e
Uq motors [Ty, [dynamics | Speed
S, o
- +
K LPF(s —;6—% s 4&)—»
( ) Stq S[Tef ¢(f’ é) 26 Upatt

FIGURE 11. EMS designed to share power between the battery and the
ICE-IG set based on vehicle load demands.

are calculated according to (20), defining the load power to
be extracted from the vehicle prototype as described in (T9).

Additionally, the accelerator pressure influences the slip
Sgo due to the frequency mismatch between the internal
combustion engine f. and the electric generator f,. As
expected, increasing or decreasing sy, makes the induction
generator power to be injected to compensate the load
demand requested at the dc-link terminals of the prototype.

Therefore, the power produced P, and Pyqy, as well
as the v, dynamics were validated against the ordinary
differential equations (ODEs) in (12). For this purpose, s
and 4,44, extracted from experimental tests, were used as
inputs in the ODEs, with the solution performed using the
Runge-Kutta method (ODE45) in MATLAB.

As shown in the comparisons presented in Figure the
responses obtained from the theoretical model match with
the experimental results, corroborating the model reliability
in representing the energy conversion performed by the
proposed ac/dc converter in the described topology. The
observed differences are due to model simplifications and
sensor calibration. The error is more pronounced in v,
results, where the experiments revealed greater oscillation
and response to load-induced disturbances. This can be
attributed to internal losses inherent to the source emulating
the battery and parasitic losses 73, which were not accurately
represented in the theoretical model.

C. Efficiency analysis

This section discuss the advantages and disadvantages be-
tween a TIG and a PMSG, both marketed by E-Comer, with
the goal of identifying the best design trade-off by analyzing
efficiency, power density, practicality, and cost.

Figures [[3(a)] and [I3(b)| show the efficiency maps of the
TIG and PMSG, respectively, as reported in Table [5] It
can be observed that the PMSG exhibits superior efficiency
over a wide range of speed and torque compared to the
TIG. The high efficiency of the PMSG is expected due to
the absence of losses associated with the excitation of the
magnetic field. The TIG, on the other hand, has core losses
due to the excitation of the magnetic field, which impact its
performance under partial load conditions.

For the TIG to operate with high efficiency, it is necessary
to develop an EMS that keeps it within the nominal speed
and torque range for most of the time, which is more restric-
tive compared to the PMSG. For this reason, the EMS in
this paper was developed to operate the machine at nominal
speed with an average torque of 30% of the maximum value
(T'az)- This allowed the generator to operate in the region
of highest efficiency and achieve performance comparable to
the PMSG.

Although the PMSG outperforms the TIG over a wider
range of speed and torque, it requires specialized materials
and electrical components, which can increase both the
complexity and cost of the design. As shown in Table [3
the PMSG exhibits superior power density. However, its

Eletrénica de Poténcia, Rio de Janeiro, v. 30, e202520, 2025. 9


https://creativecommons.org/licenses/by/4.0/

Campos et al.: Engine-Induction Generator Set Modeling for Hybrid/Flex Vehicle

Time (s)

FIGURE 12. Results collected from the test bench and from the theoretical model. (a) Measurements of the engine-generator set and vehicle load
emulation in the test bench. (b) Results from the test bench (continuous line) compared to the results of the theoretical model (dashed line).
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FIGURE 13. Efficiency map: (a) TIG and (b) PMSG.
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acquisition cost is higher due to the specific materials used in
its construction. Additionally, the PMSG features a greater
number of poles, which increases the switching frequency
of the ac/dc converter, thereby raising the complexity of
designing the converter topology.

The TIG, being a well-established component in the
literature and in the Latin American market, presents a
viable alternative for prototype-level projects, focusing on
cost reduction, simplification, and practicality in the im-
plementation of EMS. This work aims to highlight these
advantages by developing static and dynamic models to
reduce the complexity of control systems in TIGs using
AC/DC converters, specifically for application in energy
generation subsystems for SHVs.

10

TABLE 5. E-Comer electric machine comparison.

Model Power  Weight  Rot./freq. Voltage Avg. Cost
G 3000 rpm/
rpm.

AMAC  13kW 30 kg P68 vims - US$ 2.000
103 Hz

200-125

PMSG 3500 rpm/

SMAC  12kW 25kg P68 vims  USS$ 3.000
233 Hz

200-035

VI. CONCLUSION

In this paper, a simplified power transfer model from an
engine-generator set by considering an IG rectified by an
ac/dc converter for hybrid vehicles is proposed. The power
transfer equations were formulated in terms of the slip of
the three-phase induction generator, with the goal of com-
pensating for the torque required by the internal combustion
engine, which was emulated by a TIM in this paper. The
theoretical results obtained closely resemble the practical
tests conducted on a low-power-scale vehicle prototype,
developed to validate rapid prototyping of the controllers
and the energy management systems.

The developed model neglects the phase current dynamics
of the machine, reducing the system order. Moreover, the
model does not require operations with frequencies higher
than 10 Hz (the frequency range of the vehicle load), which
allows increasing the sampling step and obtaining fast results
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for long driving cycles (over 1,000 s). Thus, increasing the
step size extends the task execution time in HIL simulations,
making it more effective for real-time prototyping of EMS
with complex controllers.

The theoretical results show similarity with the experi-
mental results at mid and higher frequencies. However, due
to the TIG’s more pronounced parameter variations at low
synchronous frequencies, the theoretical results of the model
with fixed loss parameters (core losses and rotor resistance)
deviate from the practical results, reducing the model’s
reliability under a wider range of frequency conditions.
Consequently, for EMS designs operating at low frequen-
cies, precise determination of TIG parameters is essential,
which can be achieved through parameter estimation using
a Kalman filter. Finally, with its well-established literature,
ease of sensor installation, and extensive familiarity among
engineers, the ICE-IG is a viable alternative for low-power
scale SHV applications, aiming at lower acquisition costs
and facilitating initial project implementation.
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