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Battery Electric Vehicles (BEVs) typically experience reduced powertrain energy efficiency under low-torque
operating conditions. This issue can be mitigated by torque modulation, i.e., alternating driver torque demand
between zero and an appropriate value. This paper aims to maximize the efficiency improvement of torque
modulation and investigate its potential in two powertrain topologies: single and dual motor powertrains.
To this end, optimal modulation strategies are proposed for both powertrains, considering overall powertrain

energy losses and specific powertrain characteristics. Additionally, the adverse impact on driver comfort and
powertrain durability due to the pulsating torque is examined. The results suggest that the proposed optimal
modulation strategies can enhance powertrain efficiency while maintaining acceptable levels of driver comfort
and powertrain durability. In addition, complementary modulation and torque distribution can be applied in
the dual motor powertrain to provide further energy-saving potential and reduced impact on driver comfort.

1. Introduction

With the global emphasis on sustainable transportation and en-
vironmental conservation, the automotive industry is experiencing a
significant shift towards electrified mobility solutions. Battery Electric
Vehicles (BEVs) lead this transition for passenger vehicles, offering a
viable alternative to traditional Internal Combustion Engine Vehicles
(ICEVs) in terms of reduced greenhouse gas emissions [1,2], indepen-
dence from fossil fuels, and enhanced NVH performance [3]. Never-
theless, a number of challenges persist such as constrained driving
range [4], battery cost [5], and underdeveloped charging infrastruc-
ture [6], which have collectively hindered the adoption of BEVs. Thus,
enhancing the energy efficiency of the BEV powertrain remains an
important aspect to address these concerns. As the key BEV powertrain
loss contributor, a state-of-the-art electric motor can reach up to 97%
peak efficiency [7,8]. However, most traction electric motors such as
Induction Motor (IM), Permanent Magnet Synchronous Motor (PMSM)
and Synchronous Reluctance Motor (SynRM) exhibit non-uniformly
distributed efficiency across the speed-torque operating range, despite
having varying high-efficiency operating regions [9]. This results in
differences in energy efficiency across various driving conditions for ve-
hicles, creating challenges in effectively utilizing the optimal efficiency

operating range [10]. In general, electric motors suffer from decreased
efficiency at both low and high torque operating areas [11,12]. To
avoid the low energy efficiency in low torque operations, the torque
demand can be modulated as a varying signal, oscillating between
different torque levels at a high frequency, while the average output
torque remains the same as the original torque demand. With such
torque modulation technique, the inefficient operating zones in the low
torque range can be avoided.

Several studies have investigated the effectiveness of torque mod-
ulation with specific modulation strategies. One example is the “Dy-
namic Motor Drive” (referred to as the DMD strategy) proposed by
Tula Technology in [13,14]. Under low torque operating conditions,
the DMD strategy alternates the motor torque demand between zero
and peak efficiency torque levels. Consequently, the pulsating torque
ensures the motor operates at its highest efficiency at the corresponding
speed, bypassing the inefficient operating zones in the low torque
range. With the DMD strategy, it is reported that approximately a 2.5%
reduction of energy consumption over the Worldwide Harmonized
Light Vehicles Test Cycle (WLTC) drive cycle can be achieved for a
Chevrolet Bolt vehicle equipped with a 150-kW SynRM [15]. In [16],
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the energy-saving potential of the torque modulation technique with
DMD strategy is further examined for powertrains equipped with an
Electrically Excited Synchronous Motor (EESM) and an Interior Perma-
nent Magnet Synchronous Motor (IPMSM), showing a WLTC drive-cycle
energy consumption reduction of 2% and 0.4%, respectively.

Although the DMD strategy demonstrates promising improvements
in powertrain efficiency, it is derived based solely on the optimal
efficiency torque of the inverter and motor while neglecting the energy
losses from the battery and transmission. This leads to a suboptimal so-
lution from an overall powertrain system perspective. High-amplitude
on-torque during modulation can induce peak battery currents, result-
ing in increased battery losses [17,18], while transmissions typically
achieve higher efficiency at higher torque operations [19]. Therefore,
there is a need for a torque modulation strategy that balances efficiency
gains and losses among different powertrain components to maximize
overall powertrain efficiency.

On the other hand, dual motor powertrains are becoming a promis-
ing alternative to single motor BEV powertrains in the current mar-
ket [20], though a vehicle with a dual motor powertrain might ex-
hibit slightly higher energy consumption compared to its single motor
powertrain variant [21]. As the most dominant type of dual motor
powertrain in the current BEV market, the front- and rear-axle inde-
pendently driven powertrain offers superior All-Wheel-Drive (AWD)
capability, fault-tolerance, and torque distribution freedom [22,23].
This is showcased by most commercial BEVs such as the Polestar 2,
Tesla Model Y, and Volvo C40 Recharge, offering such dual motor
powertrains alongside their single motor configurations [24]. Specifi-
cally, distributing the torque demand between the motors can mitigate
the inefficient operation at high torque demand situations [25-27],
while the most efficient operating strategy is to have only one motor
delivering the torque for low torque demand situations [28], which
sacrifices the AWD capability. By implementing torque modulation
in dual motor powertrains, the torque distribution capability can be
utilized in low torque demand situations, allowing both motors to
operate under torque modulation simultaneously. This may offer no-
table advantages in energy efficiency improvement as the benefits from
torque modulation become more pronounced when torque demand
decreases by sharing it between the two motors. However, the dual
motor powertrain’s higher degree of operational freedom necessitates
careful consideration of overall powertrain losses when optimizing the
torque modulation strategy. Since both motors can operate under high-
amplitude on-torque simultaneously and lead to high superimposed
battery currents and corresponding losses.

Torque modulation can degrade driver comfort and the durability
of powertrain components due to resultant pulsating motor torque out-
put and excessive load cycle variations [19]. Although increasing the
torque modulation frequency in a single motor powertrain can lessen
the impact on driver comfort to a certain extent, a high modulation
frequency can also lead to greater transient energy loss [15]. It is
plausible that the impact on driver comfort could further be reduced
by modulating the torque demand between the two motors comple-
mentarily, rather than increasing the torque modulation frequency.
However, few studies have looked into the application of the torque
modulation technique within dual motor powertrains. Additionally, the
impact of pulsating torque on powertrain component durability has not
been explored.

This paper aims to address the aforementioned gaps by develop-
ing a torque modulation strategy that balances efficiency gains and
losses among different powertrain components, maximizing overall
powertrain efficiency. Additionally, the potential of applying torque
modulation to dual motor powertrains is investigated and compared
with single motor powertrains in terms of powertrain efficiency and
driver comfort improvement. Furthermore, the impact of the torque
modulation technique on powertrain component durability is analyzed,
considering the effects of pulsating motor torque output and varying
load cycles. The study offers practical solutions for both the software
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Fig. 1. Powertrain configurations: (a) Single motor powertrain and (b) dual motor
powertrain.

implementation of torque modulation techniques and the integration of
powertrain topology design to enhance overall powertrain efficiency.
The paper is organized as follows: Details regarding the configurations
and modeling of the examined powertrains are provided in Section 2.
Operating principles and limits of the torque modulation technique con-
cerning the current controller are explored in Section 3. In Section 4,
the optimization problem is formulated and the optimal modulation
strategies for both single and dual motor powertrains are presented.
Section 5 assesses the driver comfort, while Section 6 elaborates on
the improvements in energy efficiency. Section 7 shows the impact
of torque modulation on powertrain durability and conclusions are
summarized in Section 8.

2. System and modeling
2.1. Powertrain configuration

The configurations of the single and dual motor powertrains in-
vestigated in this paper are depicted in Fig. 1. Both powertrains are
supplied by a high-voltage battery pack. The single motor powertrain
is equipped with only one Electric Drive Unit (EDU) containing an
inverter, an IPMSM, and a single-speed transmission to drive the front
axle. Similarly, the dual motor powertrain has two sets of identical
EDUs placed in the front and rear axle, respectively.

2.2. Battery

The battery equivalent electric circuit model generally consists of
the open circuit voltage, V., and the internal resistance, R,. In ad-
dition, the dynamic and transient behavior can be more accurately
modeled by incorporating one or more Thevenin (RC’) branches in
the circuit which captures the main capacitive effects of the battery
behavior [29,30]. In this paper a first-order RC equivalent circuit model
is utilized, as shown in Fig. 2, to represent the battery’s operation,
which is predominantly influenced by pulsating loads induced through
torque modulation.

Fig. 3 presents the identified battery cell parameters in reference to
the State of Charge (SoC) from the testing at 25 °C. Subsequently, the
battery pack is scaled from the individual cell configuration, adopting a
setup of two parallel cells for every 93 cells connected in series (93s2p).
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Fig. 4. Combined on-load efficiency map (propulsion side) of inverter and motor
assembly at 400V DC link voltage, V;¢, and 10kHz inverter switching frequency, fi,.

2.3. Inverter and motor

This study incorporates an IGBT-based three-phase inverter and a
150kW IPMSM. Fig. 4 shows the combined efficiency characteristics
of the inverter and motor assembly for the torque-speed range. Under
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Table 1
Vehicle parameters.
Parameter Symbol Value Unit
Vehicle mass m 2640 kg
Vehicle drag coefficient Cy 0.372 -
Vehicle frontal area A 2.8 m?
Tire rolling radius R, 377 mm
Tire rolling resistance coefficient C, 0.01 -

no-load conditions (free-spinning), the back Electromotive Force (EMF)
exceeds the DC voltage limit at 11 000 rpm, indicating that the inverter
can be switched off only at speeds below this threshold with zero
torque demand. Considering the DC voltage fluctuations arising from
SoC variation during the vehicle operation, the inverter switch-off
speed threshold is conservatively set at 10200 rpm which corresponds
to the minimum anticipated battery voltage of 350 V. In addition, the
intermittent activation of the inverter substantially reduces iron losses
within the motor when compared to the on-load condition, due to the
reduced magnetic field harmonics induced by inverter switching events,
as shown in Fig. 5.

2.4. Transmission

This study utilizes a two-stage single-speed transmission featuring
a reduction ratio of 11.56. The transmission is subject to both load-
dependent losses and no-load losses including windage effects [31]. The
precision in quantifying transmission losses across various operational
conditions is crucial due to the frequent transitions between on-load
and no-load states required for the torque modulation approach. To this
end, a detailed mapping of transmission losses and efficiency relative
to the motor speed and torque is implemented, as illustrated in Fig. 6.

In addition, the transmission is considered as a non-rigid compo-
nent, with torsional stiffness and damping calculated from the com-
ponent’s geometry. The included torsional connections are modeled as
shown in Fig. 7.

2.5. Vehicle longitudinal dynamics

The resistive force on the moving vehicle consists of four terms:
gradient resistance, aerodynamic resistance, tire rolling resistance, and
acceleration contribution. These resistance terms are balanced with the
torque demand in reference to the wheels as

Tract. force Aerodyn. drag

Gradient res.

Rolling res. Acc. force
Ty . 1 2 —
x "M sin(0) + EpaierAU +C,mgcos(0)+ mo 1)

T

where T,, is the vehicle torque demand in reference to the wheels,
g is the gravitational acceleration, 6 is the road gradient, p,; is the
air density, and v is the vehicle speed. The main parameters for the
investigated vehicle are listed in Table 1.
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Fig. 6. Transmission data measured at 70° oil temperature: (a) loss map and (b)
efficiency map.
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Fig. 7. Transmission torsional connections.

3. Torque modulation technique
3.1. Operating principle

In the case of a low torque demand, the torque modulation tech-
nique can be activated to potentially enhance the overall efficiency
of the powertrain. As depicted in Fig. 8, the desired torque demand
is modulated into a pattern of alternating between zero and a higher
amplitude at a specific modulation frequency, denoted as f;,,q. Within
each modulation period, T,,4, the on-state torque, T, lasts for a certain
duration, 7, followed by the off-state when the inverter is switched off.
To maintain the same averaged output torque, the relation between the
raw torque demand and the modulated torque can be described as

t
Tgem = Ton Ton =D Tyy 2

mod

where Ty, is the raw powertrain torque demand in reference to motor
and D is the modulation duty cycle which is defined as Tt,::d

From an overall powertrain perspective, each component might
exhibit distinct loss characteristics in response to such an operation,
which is described in the following.

Transportation Engineering 18 (2024) 100289

3 T
o —Raw torque
= 1 ——Modulated torque
I Tnod = 7
5 9 finod |
T e ettt > ?
g T
8 ' Lon
T@ 1
g1 !
SR R Lt >] i
z ton |

: i

0 0.5 1 1.5 2

Normalized time

Fig. 8. Illustration of torque modulation technique with a duty cycle, D, of 0.5.

300

553
[=3
(=)

(=3
(=)

Motor torque [Nm]
=
S o

)
S
=]

)
=
S

0 2000 4000 6000 8000 10000 12000 14000 16000
Motor speed [rpm]|

Fig. 9. Relative proportion of iron losses to the sum of iron and copper losses.

3.1.1. IPMSM

The torque generated by an IPMSM consists of magnetic torque and
reluctance torque which are linear and quadratic functions of the dq
stator current according to

3n
T, = 7” [wemiq — (La — L) igig] 3

where T,, is the mechanical torque of motor, #, is the number of pole
pairs, ypy, is the permanent magnet flux linkage, i is the d-axis current,
iy is the g-axis current, L, is the d-axis inductance, and the L, is the
g-axis inductance.

The resistive copper losses in the motor windings quadratically
increase with the stator currents as
Py, = %IOZRS 4)
where P, are the motor copper losses, I, is the peak phase current, and
R, is the winding resistance. This suggests that the torque modulation
will increase the motor copper losses by a factor of (11—))2 -D= % com-
pared to the no-modulation case for the linear term in (3). In contrast,
for the quadratic term of (3), the copper loss remains unchanged with
torque modulation ((LD )- D = 1). As a result, it can be concluded
that the total copper losses of the motor are increased with torque
modulation. However, the iron loss can be reduced when switching off
the inverter as shown in Fig. 5. In the low torque region where the
iron losses are more dominant (shown in Fig. 9), the overall loss of the
IPMSM can be reduced with the torque modulation technique.

3.1.2. Inverter
The loss of an IGBT-based three-phase inverter consists of conduc-
tion loss and switching loss as
Conduction loss  Switching loss

— —_—
Poy = AI2+BI, +  CI, 5)
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Fig. 10. Closed-loop current control with PI controller in dq-coordinates.

where P, is the inverter loss and A, B, C are lumped parameters
including the loss parameters of the IGBTs and their antiparallel diodes.
The losses in the inverter consist of a quadratic term and two linear
terms relative to the current. Similar to the motor copper loss, the
quadratic loss is increased while the linear terms such as the conduction
loss due to voltage drop and switching loss can be reduced by the torque

modulation technique.

3.1.3. Battery
For the first-order RC equivalent circuit, the battery ohmic loss can
be estimated numerically when simplified as a pure resistive model as

P, =08-1I3 - (Ry+ Ry) 6)

where I, is the DC current. Such resistive loss shares the same prin-
ciple of motor copper loss, thus the battery loss is increased with the
torque modulation technique. It should be noted that this simplification
of the first-order RC battery model is only used for deriving the optimal
modulation strategy in Section 4. As described in [32], a pure resistive
model overestimates the battery losses by up to 20% compared to the
first-order RC model used in powertrain system simulation. Hence a
correction factor of 0.8 is used.

3.1.4. Transmission

As depicted in Fig. 6, the transmission achieves higher efficiency
at higher torque demands which means the transmission losses can be
reduced with the torque modulation technique.

3.2. Modulation frequency

The torque modulation frequency, fpoq4, iS constrained within spe-
cific upper and lower limits. On one hand, this frequency must not
surpass the motor torque response time to ensure enough time for the
motor to reach the desired T, within the on-state duration, 7,,. On
the other hand, an excessively low modulation frequency should be
avoided, as it may lead to discernible pulsating torque output which
could potentially compromise driver comfort.

3.2.1. Upper limit

The motor torque response time is closely correlated to the corre-
sponding current control. In this study, the commonly used
proportional-integral (PI)-based current control loop (as shown in
Fig. 10) and the deadbeat controller are investigated. The inverter
switching frequency (fy,) and sampling frequency (f,) of 10kHz are
used, with the corresponding current control bandwidth of 1000 rad/s.
Hence, the time constant r for the torque response is 0.001s [33].
The PI current controller is formed as a first-order system, referred
to as H-infinity loop-shaping which shapes the open-loop frequency
response of a system to optimize the system to handle disturbances
and uncertainties effectively [34]. Thus, for PI-based current control,
the torque response time (from 0% to 98.2% of the desired value) can
be calculated as

t =47 =0.004 s (@]

resp,PI

The deadbeat controller serves as a promising alternative to be
applied along with the torque modulation technique, since it calculates
control actions at each sampling instant to reach the desired setpoint
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Fig. 11. Torque and three-phase current response of an example case where Ty, =
10Nm, D = 0.5 and f,,,q = 10Hz: (a) Motor torque response with PI controller, (b)
phase currents with PI controller, (c) motor torque response with deadbeat controller
and (d) phase currents with deadbeat controller.

in minimal steps. Therefore, it pushes the torque response time of
the discrete-time system to the limit set by the inverter switching
frequency [33,35], achieving a much faster torque response time as

1
tresp,DB = f_ =0.001s (8)
sw

The PI and deadbeat current controller have been implemented in
the model discussed in Section 2.3. The torque response time with
the two current controllers is verified as shown in Fig. 11. Therefore,
the theoretical maximum torque modulation frequencies for ensuring
the motor has sufficient time to reach 7,, within one modulation
period T,,.q for the PI controller and deadbeat controller are 250 Hz
and 1000 Hz, respectively. However, since the on-state duration 7., can
be significantly shorter than the duration of one modulation period
Tmoq in the case of a low modulation duty cycle, and the desired T,
needs to last for an adequate duration to effectively utilize the torque
modulation strategy, it is advisable to keep the torque response time
within 10% of one modulation period. Therefore, an appropriate upper
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Fig. 12. Modulation duty cycle of single motor powertrain with DMD strategy.

limit for the modulation frequency can be determined as 25 Hz for the
PI controller and 100 Hz for the deadbeat controller.

3.2.2. Lower limit

A low torque modulation frequency can lead to a perceived driver
discomfort which is affected by the specific selection of the torque am-
plitude, T,,, as well as the modulation frequency, f;,,q. This aspect is
discussed in Section 5 in combination with a driver comfort evaluation
and the torque modulation strategy.

4. Optimal modulation strategy

In this section, different considerations and the derivation of the
optimal modulation strategies based on analytical powertrain and bat-
tery losses calculation for both single and dual motor powertrains are
presented.

4.1. Single motor powertrain

In the DMD strategy proposed, the modulated torque amplitude,
T,y is defined by the highest-efficiency torque at each motor speed
with a scaling factor due to the consideration of vibrations [16]. With
such a strategy, the resulting modulation duty cycle across the power-
train operating region is shown in Fig. 12. However, this strategy might
result in excessive battery losses. Therefore, the optimal modulation
strategy should take into account the losses of the complete powertrain,
including the battery, inverter, motor, and transmission. The overall
powertrain loss (P,) during one torque modulation period consists of
the losses occurring during both on- and off-states as

DT, Tdem T,
. A)mM(Rm(@ d )+ﬂJdt+A£$m&Mmgmwt

t
P Tinod

©)

where w is the motor angular velocity, Py, and P,,1y.q are the EDU
loss (combined loss of the inverter, motor and transmission) during the
on- and off-state, respectively.

The battery losses can be further expressed as

Py \?
_ dc
P, =038 (—) (Rop+Ry)
Vdc

§ (10)

2_” Tdgem Tgem
©? D + Py, | o, D

=0.8 (Ro+Ry)

Vdc

where Py is the battery terminal power and V. is the battery terminal
voltage. It is worth noting that the nominal values of V., R, and R, are
used in the calculation with their dependency on the battery loading
and SoC neglected for simplification. By combining (9) and (10), the
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overall powertrain losses of the single motor powertrain with torque
modulation technique can be simplified to

Tdem
P,. = DP, 5
pt on (w D

2_75 Tdem Tdem
0® p tFml®p

2

1D

+ 08D (Ro+Ry)

Vdc

+ (1 = D) Pyg.102d(@)

Finally, for each powertrain operating point, the optimization prob-
lem that minimizes the overall powertrain loss with regard to the
optimal torque modulation duty cycle can be generalized as follows
min Ppt(D)

s.t.
0<D<I1 12)
0 <w < 10200

T,
Tmin(w) < % < Tmax(w)

The enumeration algorithm is chosen for this optimization task due
to its systematic and exhaustive approach to finding the global optimal
solution. While the exhaustive nature of the enumeration algorithm can
lead to high computational costs for larger and more complex problems,
it is well-suited for this specific optimization task given the simplicity of
the objective function (11) in a single motor powertrain. Additionally,
the computational burden is not prohibitive, making the enumeration
algorithm an effective and feasible choice for searching all possible
solutions.

For mapping the optimal modulation duty cycle in the whole op-
erating range, the operating conditions are discretized into a finite
combination of operating points. Specifically, the motor speed w is
discretized into a set of values ranging from O to 16000 rpm with
increments of 100 rpm, resulting in the set {0, 100,200, ..., 16000} rpm.
The torque demand Ty, is discretized into a set of values ranging
from —310 Nm to 310 Nm with increments of 10 Nm, resulting in
the set {-310,-300,-290,...,310} Nm. These discretizations form a
finite combination of operating points in a matrix of motor speed and
torque demand. For each combination of discretized w and Ty, the
algorithm evaluates P, over the discretized duty cycle D set from 0 to
1, discretized into suitable steps with increments of 0.01. Each potential
solution is checked to ensure it satisfies all the constraints in (12). The
objective function Py is evaluated for each feasible D value at every
operating point (w, Tyem). For each operating point, the D value that
yields the minimum P, is selected as the optimal duty cycle Dgp;.

After the optimization process for all the operating points, the opti-
mal modulation duty cycle (D) for each operating point is derived,
as illustrated in Fig. 13. It is worth noting that the effective area of
the torque modulation technique is significantly reduced compared to
the modulation strategy proposed in the DMD, as the optimization of
the modulation duty cycle considers the battery losses. This reduction
is attributed to the fact that an excessive on-state torque, T, results
in high battery pulsating loss. Consequently, the corresponding optimal
T,, is no longer directly linked to optimal efficiency torque.

In addition, Fig. 14 illustrates the relative percentage of overall
powertrain losses reduction achieved through torque modulation with
an optimal modulation duty cycle, compared to regular operation
without the torque modulation technique across various operating
points within the effective area. It is evident that higher energy-savings
potential with the torque modulation technique can be achieved at
operating points with lower torque demand.
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4.2. Dual motor powertrain

As an additional degree of freedom to optimize the powertrain
efficiency, the dual motor powertrain offers a torque distribution ca-
pability by sharing the powertrain torque demand, Ty, between the
two motors. The optimal torque distribution ratio between the front and
rear EDU is derived based on the numerical method detailed in [21] and
shown in Fig. 15 without torque modulation.

Nevertheless, as demonstrated in the single motor powertrain, the
lower the torque demand on the motor, the greater the potential for
energy savings. It is noted that the dual motor powertrain can poten-
tially utilize more of the energy-saving advantages compared to single
motor powertrains since each EDU can individually operate at lower
torque level. In principle, the implementation of the torque modulation
technique in a dual motor powertrain should ensure complementary on-
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Fig. 16. Possible scenarios of torque modulation in a dual motor powertrain: (a)
Scenario I: D; + D, < 1, (b) scenario II: D; + D, =1 and (c) scenario II: D; + D, > 1.

and off-states between the two motors. That is, when one motor is in the
on-state, the other should be in the off-state to prevent superimposed
high powertrain torque outputs and intermittent battery currents, /4,
and, thereby, avoiding increased battery losses and deteriorated driver
comfort. This requires complementary Pulse Width Modulation (PWM)
waveforms used for the front and rear motor. Depending on the mod-
ulation duty cycle of the front and rear motor (as denoted as D; and
D,, respectively), three different scenarios can occur as illustrated in

Fig 1} %cenario I, where the sum of D; and D, is smaller than one,
the front and rear motor have complementary on-state duration with
a torque blanking time from between the respective on-states. Scenario
I represents a specific scenario where the sum of the front and rear
modulation duty cycles is exactly one, meaning that there is no torque
blanking time from the powertrain. In addition, if both D; and D, are
equal to 0.5, the front and rear motor have perfectly complementary
modulation so that there is no torque fluctuation from the powertrain.
While in scenario III, where the sum of D; and D,, is bigger than one, an
overlapped modulation time occurs and both front and rear motors are
simultaneously operating at on-state, resulting in a high torque output
from the powertrain. This also leads to superimposed battery currents,
hence amplified battery losses.

The overall powertrain losses of a dual motor powertrain with the
torque modulation technique consist of the losses occurring during on-
and off-states for both front and rear EDUs as

1 D¢Tmod
Py == [/0 (Pon (@, T;) ) dt

mod

Tinod D Tod
+/ (Pno-load (Cl))) dt + / (Pon (a)’]';_)) dt
D¢Timod 0

Timod (13)
+/ (Pno-load (a))) dl:| + Pb
D,

t Tmod
= D¢Tod Pon (vaf) + (2 - Dy — Dr) Pro-10ad (@)
+ D, Toq Pon (@, T;) + P,
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where T; and T, are the on-torque of front and rear EDU, respectively.
Based on the three scenarios, the battery losses can be further expressed
as

if D+ D, <1:

2
Z Tt + Poy (0, Ty)
P,=08|D |2 ———- *
Vdc

2 2
ZoT, + Py (0, T;)

+D,
' Vdc

(Ro+ Ry).
if Dp+D.>1:

2 2 14
2 0T} + Pop (.Ty) as

P, =08|(1-D,) 7
C

2

2

Z 0T, + Poy (0, T;)

+d-Dp)|——r———
Vdc

2
Z o (T; + T,) + Pog (0, T;) + Poy (,T;)

Vdc

(Dt + D, —1)] (Ro + Ry)

Thus, the optimization problem can be formulated as
min Po(Dy, D, T;. T;)
s.t.
0<D<1
0<D <1
0 < w < 10200
Thnin(@) < Tt < Tax(@)
Tnin(@) < T; < Tiyay(@)
DTy + D T; = Tgem

(15)

Unlike the optimization problem for the single motor powertrain,
the cost function for the dual motor powertrain (13) involves more
variables with conditional expressions associated with battery loss
(14). The enumeration algorithm can lead to exponentially increas-
ing computational effort due to the large number of variables and
conditional constraints. Therefore, the Particle Swarm Optimization
(PSO) algorithm is used for identifying the optimal D;, D,, T; and
T, for each powertrain operating point as it is particularly suitable
for such complex non-linear optimization problem with conditional
expressions due to its ability to efficiently explore large and complex
search spaces [36]. The initial guess is set as Dy = D, = 0.5 and
T; = T, = Tyem for each operating point. Throughout the optimization
process, constraints in (15) are enforced to ensure feasible solutions.

After the optimization process for all the operating points, it is
found that the optimal solution yields Dy = D, and T; = T, for all
the operating points due to the identity of the EDUs. Hence, for dual
motor powertrain, the optimal modulation strategy can be expressed as
Dy =D, = Doy and Ty = T, = 2T gzmt. Fig. 17 shows the optimal mod-
ulation duty cycle (Dgp,) for both front and rear motor. Compared to
a single motor powertrain, the effective area of the torque distribution
technique is expanded. The powertrain operates predominantly as in
scenario I in the low torque demand area. In contrast, in areas charac-
terized by low speed but medium torque demand, scenario III becomes
the preferred mode of operation with reduced overall powertrain losses
despite an increase in the battery losses. Notably, as the operating speed
increases, the optimal modulation duty cycle is limited to a maximum
of 0.5 (as in scenario II) since the excessive battery losses caused by
the superimposed battery current, I, becomes significant within the
powertrain.
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Table 2
Approximate indications of likely reactions to various VTV
values.

Acceleration (m/s?) Comfort level

Less than 0.315

Not uncomfortable

0.315-0.63 A little uncomfortable
0.5-1 Fairly uncomfortable
0.8-1.6 Uncomfortable
1.25-2.5 Very uncomfortable

Greater than 2 Extremely uncomfortable

5. Driver comfort evaluation

As mentioned in Section 3.2.2, the driver comfort level is deter-
mined by the on-state torque amplitude together with the modulation
frequency. In this section, the resultant driver discomfort level is ex-
amined for the torque modulation strategies derived in the previous
section for both single and dual motor powertrains.

The discomfort level can be quantified as Vibration Total Value
(VTV) according to 1S02631-1, “Mechanical vibration and shock - Eval-
uation of human exposure to whole-body vibration - Part 1: General
requirements”, which indicates the potential impact of vibrations on
human discomfort by considering factors such as the magnitude of
the vibration, its frequency, the direction of vibration, as well as the
duration of exposure. The ISO2631-1 also lists the reference VTV values
used to assess the discomfort level as given in Table 2.

The frequency-weighted Root-Mean-Square (RMS) acceleration, a,,,
can be derived as

ay = | Ywa)? 16)

where g; is the RMS acceleration for the corresponding frequency and
w; is the weighting factor for each frequency, as shown in Fig. 18.
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The vibration total value, a,, combining the vibration in all direc-
tions, is then assessed at the vehicle center of gravity as

a, = \/k%afvx +kla2 +kla2 17)

zwz

where a,,, a,.a,, are the frequency-weighted RMS accelerations with
respect to the orthogonal axes x,y and z, respectively; k,, ky, k, are the
weighing factors.

A full vehicle model of the considered vehicle is utilized in IPG
CarMaker to calculate the body acceleration caused by the pulsating
torque output from the powertrain, including effects such as suspension
damping and tire deformation. Though in real-world applications ex-
ternal disturbances such as road roughness can be transmitted through
the tire, suspension and vehicle and cause discomfort independently or
interact in complex ways with the internal pulsating torque, they are
excluded in the analysis in this section to ensure a controlled relative
comparison as the primary focus is to evaluate the impact of torque
modulation technique on driver comfort.

To evaluate the discomfort level associated with the torque modu-
lation technique, the VTV is calculated and mapped across the entire
powertrain operating range within the effective torque modulation
area, following the procedure illustrated in Fig. 19. For each operating
point, the vehicle is initialized at the corresponding speed in the
simulation setup. The torque demand is then modulated based on the
optimal modulation duty cycle at a certain modulation frequency for
that operating point, and subsequently sent to the EDU. The result-
ing body acceleration at the vehicle’s center of gravity is recorded
over 10 modulation periods. As lateral movement is not considered
in this study, only the longitudinal (x) and vertical (z) accelerations
are logged. A Fast Fourier Transformation (FFT) is then applied to
the recorded accelerations, and frequency weighting factors are used
to calculate the frequency-weighted RMS accelerations in the x and
z directions, as described in (16). Finally, the VTV is derived by
combining the frequency-weighted RMS accelerations in the x and z
directions according to (17).

The VTV values of a single motor powertrain with DMD strategy and
the proposed optimal modulation strategy at different torque modula-
tion frequencies are presented in Fig. 20 and Fig. 21, respectively. It is
observed that at lower modulation frequencies, such as 10 Hz and 15 Hz,
the VTV values can exceed 0.315, leading to perceptible discomfort
caused by the torque modulation at certain operating points. However,
it is noteworthy that an increase in modulation frequency tends to
reduce the overall VTV values. Specifically, when the modulation fre-
quency is augmented to 20 Hz, the level of driver discomfort becomes
imperceptible throughout the entire operating range. This indicates
that for a single motor powertrain implementing the DMD strategy,
the lower limit of modulation frequency is about 20 Hz given constant
modulation frequency throughout the entire operating region. In con-
trast, employing the proposed optimal modulation strategy significantly
reduces VTV values. Consequently, even at a modulation frequency of
10 Hz, the perceived discomfort is effectively eliminated.

Similarly, the VTV values of the dual motor powertrain with optimal
modulation strategy are shown in Fig. 22. It can be seen that the VTV
values for the dual motor powertrain are consistently lower compared
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Fig. 21. VTV values of single motor powertrain with optimal modulation strategy at
different torque modulation frequencies: (a) 10Hz, (b) 15Hz and (c) 20Hz.

to the single motor configuration since both motors modulate at lower
torque demands. Notably, even at peak VTV values, where the torque
modulation strategy operates under scenario III (overlapped on-states
of the front and rear motors), the VTV values remain below the thresh-
old of perceived discomfort with a low modulation frequency of 10 Hz.
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Table 3
Drive-cycle energy consumption of single motor powertrain.
Control strategy WLTC LS cycle HS cycle
Energy cons. [kWh/100 km] Difference Energy cons. [kWh/100 km] Difference Energy cons. [kWh/100 km] Difference
No modulation 19.68 - 13.52 - 21.71 -
DMD modulation strategy 19.55 —0.66% 13.37 -1.11% 21.74 +0.14%
Optimal modulation strategy 19.47 -1.05% 13.36 -1.18% 21.57 —0.78%
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Fig. 23. Drive cycle vehicle speed profiles: (a) WLTC, (b) LS and (c) HS.
Moreover, in the area where the modulation strategy operates under
scenario II (perfectly complementary on- and off-state of the front and 300
rear motors), the modulation-induced vibration is almost negligible.
200
6. Impact on drive-cycle energy efficiency ZE 100
In this section, the energy efficiency improvements are studied N
[}
through powertrain system simulation. Specifically, three drive cycles <
are analyzed (shown in Fig. 23): the WLTC as a standard test cycle, g—lo()
along with two real-world drive cycles representing urban Low-Speed e .
(LS) driving and highway High-Speed (HS) driving scenarios. The data =200 Single motor DMD Dual motor optimal = LS
collection of the real-world drive cycles are detailed in [37]. In ad- w0 Single motor optimal © WLTC - s
dition, the unmodulated drive-cycle operating points together with 0 2000 4000 6000 8000 10000 12000

effective area of different modulation strategies are illustrated in Fig. 24
6.1. Single motor powertrain

In addition to the proposed optimal modulation strategy, two other
cases are considered: regular operation without torque modul