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H I G H L I G H T S

• HEV configurations are classified into series, parallel, power-split and multi-mode.

• HEV configuration generation and modeling techniques are introduced.

• Entire design space of HEV configuration is explored exhaustively.

• 14 configuration types of multi-mode HEV are explored and identified.

• Research gaps and future trends of HEV configuration studies are discussed.
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A B S T R A C T

Global warming, air pollution, and fuel depletion have accelerated the deployment of hybrid electric vehicles
(HEVs). Apart from the energy management, the configuration of hybrid powertrains plays a central role in
achieving better fuel economy and enhanced drivability. This paper comparatively summarizes the configura-
tions, modeling, and optimization techniques of HEVs. Four types of hybrid powertrain configurations available
in the market, i.e., series, parallel, power-split and multi-mode, are introduced firstly, followed by their state-of-
the-art and pros/cons. Among all configurations, multi-mode hybrid powertrains are observed to have the po-
tential for utilizing the benefits of the other three types by switching the operating modes. Subsequently, the
configuration generation and modeling techniques are summarized. By adopting the automated modeling
method, the entire design space can be explored exhaustively, and 14 feasible configuration types are classified
based on the binary tree. Finally, the research gaps and future trends of HEV configuration studies are discussed.

1. Introduction

Concerns regarding energy usage and environmental protection
have caused governments worldwide to legislate stricter fuel economy
and CO2 emission regulations for ground vehicles. Europe announced
the most progressive emissions legislation thus far with an intended
target of 95 g of CO2/km in 2021 [1], and China set a target of 117 g/
km by 2020. To meet these regulations, downsized engines, powertrain
electrification, lower rolling resistance tire and the use of lightweight
materials have been investigated intensively over past decades.

Hybridization is a viable step toward powertrain electrification. The
idea of utilizing a hybrid powertrain dates back to 1898, when

Ferdinand Porsche built his first car, the Lohner Electric Chaise, which
was powered by both a gasoline engine and an electric motor [2]. The
main purpose of the hybrid powertrain in the early stage was to im-
prove the launching performance by using the electric machine to assist
the internal combustion engine (ICE). Owing to cost and performance
constraints of battery packs, the hybrid design had not been accepted by
the retail market until decades later, in the late 1990s.

In 1997, the Toyota Prius was introduced with two power sources: a
gasoline engine and a battery pack [3]. This model rapidly became
successful owing to its significant fuel-saving benefits. Since then, nu-
merous hybrid vehicles have been launched such as the Honda Insight
in 1999 and the Ford Escape Hybrid in 2000. The additional power
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source allows for greater flexibility in engine use while meeting the
requirement of driver’s demand [4]. Moreover, supernumerary techni-
ques such as regenerative braking and engine shut-down provide al-
ternative methods for achieving better fuel economy and emissions
reduction.

To exploit the fuel-saving potential of hybrid electric vehicles
(HEVs), appropriate energy management among different power
sources is essential because it enables proper power distribution be-
tween the engine and the battery. Several studies have reviewed the
available energy management strategies and have identified the re-
search gaps in the field [5–8]. The energy management methods can be
classified as rule-based and optimization-based strategies [9]. The
former is real-time control strategy implemented in production ve-
hicles, which requires time-consuming design and calibration practices
[10–12]. Moreover, it is heuristic and cannot guarantee optimality
[12,13]. The latter methods are realized by minimizing an infinite- or
finite-horizon function of the fuel or battery SOC (state-of-charge) over
time. The commonly used optimization-based methods include dynamic
programming (DP) [14,15], equivalent consumption minimization
strategy (ECMS) [16–18], Pontryagin’s minimum principle (PMP)
[19,20], and receding horizon optimization (RHC) [21–23]. The main
challenge of global optimization methods, i.e., DP, is on the require-
ment of prior knowledge of driving scenarios, which is often in-
accessible in real-time control. Different from DP, ECMS and PMP are
local alternatives that can be implemented in real time. Fine tuning of
the equivalent fuel consumption factor is usually needed to achieve
desirable fuel benefits. In addition, PMP may have convergence pro-
blems if the underlying two-point boundary value problem is nonlinear
[24,25]. As a finite horizon approximation of global optimization, RHC
can repeatedly calculate the optimal action within a predefined pre-
diction horizon to improve real-time powertrain management [26,27].
Recently, reinforcement learning and neural network techniques have
become popular in approximately optimal control strategy for varying
driving scenarios [28–31]. An interesting study on cruise control for
parallel HEVs has been conducted [32] that takes the kinetic energy of

the vehicle body as a third energy storage source and avoids the energy
lost in the electro-chemical conversion.

In addition to energy management, the configuration of hybrid
powertrain, including the component size and powertrain topology, is
also essential for achieving better fuel economy [33–36]. In general,
four configuration types are used based on the mechanical connections
and power flow among the powertrain components: parallel, series,
power-split, and multi-mode. Automobile manufacturers prefer dif-
ferent configuration types because each type has unique strengths and
weaknesses. For example, Toyota and Ford introduced the power-split
HEVs, which have the best fuel-saving potential, while Germany ori-
ginal equipment manufacturers (OEMs) seem to prefer the parallel
HEVs due to the cost consideration [3]. Recently, General Motor (GM)
and Honda have focused on developing multi-mode hybrid powertrains
because they combine the benefits of other configurations. By changing
the coupling mechanism among powertrain components, billions of
topologically different designs can be achieved based on quantitative
estimation [37].

The numerous available configuration designs make it is difficult for
engineers to select the most suitable configuration when developing a
new HEV [38]. In the present study, we summarize state-of-the-art of
HEV configurations as well as the methods used to generate, model, and
optimize the configurations. The contributions of this paper are mainly
in twofold:

(1) HEV configurations available in the market are comprehensively
reviewed and are divided into four types according to their char-
acteristics: parallel, series, power-split, and multi-mode. The me-
chanism and the benefits and limitations of each configuration are
comparatively discussed.

(2) The configuration generation, modeling and optimization techni-
ques are summarized. By using the modeling techniques introduced
and brute-force search, all configuration types are explored and are
classified according to their functionality and characteristics.
Moreover, several useful configuration types other than regular

Nomenclature

∗A characteristic matrix
Cmode Kinematic Relationship Matrix in Bond Graph
D constraint matrix
FCweighted Mass-weighted Fuel Economy
FC0 Vehicle Fuel Economy of EPA
F Internal Force between Gear Teeth of Planetary Gear

∗H Rows of ∗A Matrix and Coupling Vectors
J Diagonal Matrix
M Torque Transition Matrix
m Vehicle Mass
P Acceleration Transition Matrix

∗R Rank of ∗H
∗T Torque of Powertrain Device

T Torque Matrix
∗V elements of Hveh

∗ω ̇ Angular Acceleration of Powertrain Device
Ω̇ Angular Acceleration Matrix
rank(*) Rank of Matrix *

Acronyms

AHS Allison Hybrid System
CD Charge Depletion
CS Charge Sustained
DP Dynamic Programming
DOF Degree of Freedom

EPA Environmental Protection Agency
ECMS Equivalent Consumption Minimization Strategy
ECVT Electronic Continuously Variable Transmission
CVT Continuously Variable Transmission
HSD Hybrid Synergy Drive
THS Toyota Hybrid System
FUDS EPA Federal Urban Driving Schedule
GM General Motor
HEV Hybrid Electric Vehicle
ISG Integrated Starter Generator
HWFET EPA Highway Fuel Economy Driving Schedule
ICE Internal Combustion Engine
MG Motor/Generator
NVH Noise Vibration and Harshness
OEM Original Equipment Manufacturer
PG Planetary Gear
PMP Pontryagin’s Minimum Principle
PHEV Plug-in Hybrid Electric Vehicle
PSD Power Split Device
EREV Extended-Range Electric Vehicle
SUV Sport Utility Vehicle
SOC State of Charge
RHC Receding Horizon Optimization
FCV Fuel-cell electric vehicle
DC direct current
AC alternating current
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configuration are introduced. In addition, exploitable research gaps
and challenges within the hybrid powertrain research are identified
and discussed.

The rest of this paper is organized as follows. Section 2 introduces
the HEV types. Section 3 summarizes the general configuration types
available in the market. Section 4 introduces the configuration gen-
eration and modeling techniques of hybrid powertrains. In Section 5, all
possible HEV configuration types are explored by employing brute-
force search. Finally, the research gaps in hybrid powertrain designs are
discussed in Sections 6 and Conclusions are provided in Section 7.

2. HEV classification by hybridization rate

In general, HEVs can be divided into four types according to the
electrification level: micro, mild, and full, HEVs as well as plug-in HEVs
(PHEVs) [39]. Table 1 shows their main distinctions.

Micro HEVs usually contain an electric motor often in the form of a
small integrated or belted alternator/starter. This electric motor is not
involved to drive the vehicle running [40], but is used to shut down the
engine at a complete vehicle stop, and then restart when the brake
pedal is released. Mild HEVs use a larger electric motor, which enables
torque assistance and regenerative braking to achieve better fuel sav-
ings [41]. In addition, mild HEVs are typically featured of high voltage
electrical systems, e.g., 48 V or 90 V [42,43]. Full HEVs have larger
batteries and stronger electric motors than those in micro and mild
hybrids, which are often high in cost [9]. They enable the usage of the
pure electric (EV) mode for a short duration in city driving. PHEVs
essentially have similar characteristics as those of full HEVs but include
a larger battery package that can be charged by plugging into the grid
[44,45]. This allows PHEVs to be operated in EV mode for extended
periods. Two types of PHEVs are available in the market: extended-
range electric vehicles (EREVs) and blended PEHVs. The former gen-
erally use series configuration, in which the gasoline engine only gen-
erates electricity and the electric machine drives the vehicle; an ex-
ample is the BMW i3 with a range extender. The engine is not fired until
the battery is depleted. In the latter, the engine is usually engaged to
directly power the vehicle. An electric machine acts as a motor/gen-
erator (MG) based on the driving demand and battery SOC level, such
as that installed in the Chevrolet Volt.

Fig. 1 shows typical battery SOC ranges and cycling ranges of all
four types. The SOC range increases with the hybridization degree.
Micro, mild, and full HEVs usually have a narrower SOC window to
avoid over-charging or over-discharging.

3. HEV powertrain configuration

The powertrain configurations of HEVs can be divided into four
types: parallel, series, power-split and multi-mode.

3.1. Parallel hybrid powertrain

3.1.1. Operation mechanism
In parallel HEVs, both the ICE and MG are connected mechanically

with the output shaft (Fig. 2) and can simultaneously provide power to
operate the vehicle. The available MG is used to shift the engine op-
erating points to a higher-efficiency area. It acts as a generator at low
power demand and as a motor at high power demand. In this way, the
engine can work at higher efficiency than that in a conventional ve-
hicle. In addition, parallel hybrids must include a transmission to match
high engine speed and low vehicle speed [46].

3.1.2. Sub-types and typical models
The parallel configuration can be considered as an incremental add-

on to a traditional powertrain and its design requires relatively little
investment and engineering effort. Parallel hybrid powertrains can be

further classified into five subtypes according to the location and size of
the MG: P0, P1, P2, P3, and P4 (Fig. 3) [47].

Subtype P0 refers to the configuration in which a motor is installed
before the ICE and is connected to ICE by a belt. Therefore, it is also
known as a belt-driven starter/generator HEV. Owing to the torque
limitation of the belt, the starter/generator is always small and can
fulfill only the start–stop function [48].

The P1 subtype refers to the configuration in which the motor is
mounted on the crankshaft of the engine. Here, the motor is always
referred to as an integrated starter generator (ISG) [49,50]. The in-
stallation position of the ISG always restricts its size; this limitation
does not allow ISG to provide high torque to operate the vehicle. Only
some functions can be fulfilled such as start–stop, regenerative braking
and acceleration assistance.

Subtypes P2 and P3 are the two most popular variations of parallel
HEVs. In these configurations, the motor is mounted on the input and
output of the transmission, respectively. The motor in P2 and P3 is much
larger than that in P0 and P1 and has the ability to operate the vehicle at
relatively high speeds [46]. Recapturing more regenerative braking and
eliminating engine drag result in better energy efficiency than that in
other subtypes. Many European and Korean automakers have released
P2-type HEVs such as the Volkswagen Passat hybrid [51] and the
Hyundai Sonata Hybrid [52]. In China, BYD used the P3 subtype in the
BYD Qin [53].

The P4 subtype refers to a parallel hybrid in which the motor is
mounted directly on the drive shaft or is incorporated into the hub of a
wheel using in-wheel motor technology (Fig. 3 (e)). P4 is generally not
used independently but is combined with other parallel subtypes, P2
and P3, particularly in four-wheel drive (4WD) vehicles [54].

Previous studies [55] and [56] have compared the performance of
different parallel HEVs. A comparative study through DP was also
conducted [57] in which P2 is shown to have better fuel economy than
P1 owing to its larger motor, and P2 and P3 have similar fuel economy
benefits.

3.1.3. Limitations and challenges
Parallel HEVs are efficient during city stop-and-go conditions.

However, this might not be the most efficient configuration because a
mechanical connection still exists between the ICE and the output shaft.
In addition, because MG cannot be used to simultaneously charge
battery and assist in powering the engine, the power assist and EV
operations must be controlled carefully to avoid battery depletion. This
problem is exacerbated during city driving, in which frequent start–-
stops can consume a significant amount of battery energy and force the
engine to generate power in its low efficiency area. Because of these
drawbacks, parallel HEVs have a smaller market share percentage even
a variety of models have become available.

Table 1
Comparison of micro, mild, full and plug-in HEVs [39–44].

Function or component parameters Types of HEV

Micro Mild Full Plug-in

Idle Stop/Start ◆ ◆ ◆ ◆
Electric Torque Assistance ◆ ◆ ◆
Energy Recuperation ◆ ◆ ◆
Electric Drive ◆ ◆
Battery Charging (during Driving) ◆ ◆
Battery Charging (from Grid) ◆
Battery Voltage (V) 12 48–160 200–300 300–400
Electric Machine Power (kW) 2–3 10–15 30–50 60–100
EV Mode Range (km) 0 0 5–10 >10
CO2 Estimated Benefit 5–6% 7–12% 15–20% >20%
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3.2. Series hybrid powertrain

3.2.1. Operation mechanism
Series HEVs generally use traction motors to operate the vehicle

alone, whereas the ICE is connected to a generator (Fig. 4). The motors
are powered by the battery and the generator and can be placed on both
front and rear axles to realize electric all-wheel-drive functionality.
Since there no mechanical coupling exists between the ICE and vehicle
drive axle, the ICE could operate in its best efficiency area regardless of
the vehicle speed and power required by the driver. Moreover, the

traction motor has a wider operating range and higher efficiency than
the ICE. Therefore, a transmission, which is a necessary component in a
conventional vehicle, might not be necessary in series HEVs. Thus, the
series hybrid powertrain is simpler compared with other types, in-
cluding configuration and energy management [58].

3.2.2. Typical models
Only a few HEVs in the market use the series configuration expect

range-extended HEVs [59]. The most successful model of this type in
the market is the BMW i3, which provides an optional gasoline-pow-
ered range extender auxiliary power unit [60]. Recently, some OEMs
have developed electric cars with range extended technique. A typical
example is the Nissan e-Power, which has a 1.2 L gasoline engine that
acts solely as a generator for battery charging [61].

3.2.3. Limitations and challenges
The fuel economy of series HEVs can be better than that of con-

ventional vehicles. However, high energy conversion losses can occur
because 100% of the engine power must first be converted into elec-
tricity. Part of the electricity is stored in the battery, and the remainder
powers the motors to propel the vehicle. Even though the MGs have
relatively high efficiency and the ICE operates at high efficiency, the
multiple energy conversions still result in low overall efficiency.
Additionally, the series configuration requires a large traction motor to
meet the torque requirement because the motor is the only traction
device.

3.3. Power-split hybrid powertrain

3.3.1. Operation mechanism
Power-split HEVs usually employ one or multiple planetary gear (PG)

sets to couple the ICE, two MGs and the driveshaft together (Fig. 5)

Fig. 1. Typical battery SOC range and typical cycling of micro, mild, full, and
plug-in HEVs.

Fig. 2. Configuration of parallel HEV.

Fig. 3. Configurations of subtypes P0 to P4 in parallel HEVs.

Fig. 4. Configuration of series HEV.
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[62,63]. The PG sets are the heart of the power-split hybrid powertrain,
which is usually referred to as a power split device (PSD). The PSD
decouples the ICE from the vehicle speed and acts as a continuously
variable transmission (CVT), which results in efficient engine operation
regardless of the vehicle speed. Therefore, the PSD in power-split HEVs
is also referred to as an electronic-CVT (E-CVT) [64]. Because of this
decoupling function, power-split HEVs generally show better fuel
economy than both series and parallel HEVs, particularly in city driving
conditions.

The PSD allows for power flows from the engine to the driveshaft:
either through the mechanical path or the electrical path (Fig. 6)
[64,65]. In electrical path, the PSD operates like a series HEV. Part of
the ICE power is converted into electricity first by a generator, which
drives the motor or charges the battery. In the mechanical path, the PSD
also enables the system to operate like a parallel HEV, in which the ICE
engine can generate power flow to the driveshaft directly. Therefore,
the power-split HEV combines the advantages of both series and par-
allel hybrids.

3.3.2. Sub-types and typical models
The power-split hybrid powertrain can be further classified into

three subtypes according to the point of the power split execution: i.e.,
input-split, output-split and compound-split [64]. In an input-split HEV,
the ICE power is split at the input to the transmission by collocating an
MG with the output shaft and sometimes with an additional set of gears
in between. In an output-split vehicle, the ICE power is split at the
output to the transmission by collocating an MG with the ICE, also
sometimes with an additional set of gears in between. In a compound-
split vehicle, no MG collocation occurs with the output shaft or the
engine.

The most successful power-split hybrid on the market is the input-
split subtype, such as the Toyota Hybrid System (THS) or Hybrid
Synergy Drive (HSD), introduced by the Toyota Motor Corporation
[66]. This subtype was first implemented in the Toyota Prius in Japan
in 1997 and was then extended to the company’s Camry and Lexus
hybrid vehicles in the following years. The second-generation THS was
announced in 2004, offering increased system efficiency, enhanced
power, and improved scalability [67]. Scalability enables the THS to
adapt to different vehicle sizes by changing the reduction paths of ICE/
MG1 and MG2. A similar input-split concept was adopted by the Ford
Motor Company in its Fusion Hybrid and C-max models. However,
General Motor developed two classes of power-split powertrains by
using the other two subtypes in a power-split configuration, the Voltec
Hybrid Powertrain with an output-split mode [68] and the Allison
Hybrid System (AHS) with both an input-split and a compound-split
mode [69].

Power-split HEVs have a variety of design variations by changing
the locations of the employed components [70]. To explore all possible
designs, Liu and Peng proposed an automated modeling method to ef-
ficiently build the dynamics of a power-split HEV and identified a de-
sign with optimal fuel economy [71]. Bayrak et al. enumerated all

feasible powertrain by using a bond graph and generated complete sets
of feasible designs based on an exhaustive search [72]. Kim et al. re-
organized all the possible single PG configurations into a compound-
lever design space and screened the optimal design by balancing the
fuel benefits and the drivability [73,74].

3.3.3. Limitations and challenges
As discussed in Section 3.3.1, the electrical path incurs higher en-

ergy loss than the mechanical path because of the extra energy con-
version. More ICE power delivered through the electrical path indicates
more energy loss caused by the PSD. When the speed of either MG is
equal to zero, the engine–generator–motor path has zero power trans-
mission, and the energy transition is the most efficient. This condition is
known as the mechanical point. The energy dissipation in the electrical
path might cause power-split HEVs to have greater energy losses than
those in parallel HEV in some situations, particularly in high-speed
cruising [64].

3.4. Multi-mode hybrid powertrain

3.4.1. Operation mechanism
The multi-mode hybrid powertrain system can be developed by adding

clutches to parallel or power-split powertrain systems, which can be-
come any of the three hybrid configurations (series, parallel and power-
split) in the same powertrain. Its subtype is also referred to as the op-
erating mode. The freedom to choose from different modes makes it pos-
sible to achieve higher energy efficiency and performance than that realized
by using the other HEV configuration types introduced above.

3.4.2. Sub-types and typical models
Multi-mode hybrids can be further classified into two subtypes,

series-parallel [75] and PG coupling [37], according to whether PG sets
are used to couple the powertrain components.

(1) Series-parallel multi-mode configuration

The series-parallel subtype (Fig. 7) was first introduced by Honda in
2014 in its i-MMD system, which is installed in the Accord plug-in
hybrid. Two MGs are used in this configuration: One is fully coupled
with the ICE, and the other connects directly to the drive shaft [76]. A
clutch is employed to disengage the connection between the ICE and
output shaft, which enables three operating modes: EV, series, and
parallel. The mode shift strategy avoids inefficient engine operation:
The EV mode is used when the battery SOC is high, and the series and
parallel modes operate only at low and high vehicle speeds. A regular
transmission is no longer required to reduce the powertrain cost. Since
a mechanical connection still exists between the ICE and the output
shaft in the parallel mode, ICE cannot operate in its most efficient area
at all vehicle speeds.

(2) PG coupling multi-mode configuration

Fig. 5. Configuration of power-split HEV.

Fig. 6. Power flow of power-split hybrid powertrain.

W. Zhuang, et al. Applied Energy 262 (2020) 114553

5



The PG coupling subtype is developed by adding clutches between
the PG nodes of in power-split configuration. A typical example is the
Advanced Hybrid System patented by General Motors in 2002
(Fig. 8(a)) [69]. By switching the two clutches, two operating modes
are achieved: the input-split mode and the compound-split mode. The
former mode can provide large output torque, which is more suitable
for low speed cruising, whereas the latter tends to have higher effi-
ciency at high speeds by preventing the speed of MG2 from increasing
continuously with the vehicle speed. As a result, better fuel economy
and launching performance is achieved by proper mode selection,
particularly in buses which require higher torque at low speeds.

In addition to AHS, GM in 2011 introduced another multi-mode
powertrain known as Voltec which originally had a single PG and three
clutches (Gen1) [77], and was later changed to a double-PG design
(Gen2) in 2015 (Fig. 8(b)) [68]. The three clutches in the Voltec Gen2
enable five operating modes. Of these modes, Voltec Gen2 has an input-
split mode and a compound-split similar to that in AHS, in addition to
two EV modes for plug-in functionality.

Toyota developed a multi-mode hybrid powertrain by adding a
Ravigneaux-type PG and two clutches to its THS [78,79]. The second
MG’s gear is switched between high and low ratios for low- and high-
speed driving, respectively. To develop a more powerful hybrid system,
Toyota combined the THS with a four-speed automatic transmission in
2017 to multiply the output torque (Fig. 8(c)) [80]. This powertrain is
the multi-stage hybrid featured in the company’s Lexus LC 500 h and LS
500 h models [81].

Although many multi-mode configurations have been proposed and
patented, many more remain unexplored [82]. A multi-mode hybrid
can be generated in two ways. The first involves changing the locations
of the powertrain components, including the engine, two MGs, and the
output node to the vehicle drive axle. Each device can connect with any
node of the PG sets. In the second method, the number and locations of
permanent connection and clutches also result in different hybrid
powertrains. Fig. 9 shows all possible clutches and permanent con-
nections of both double and triple PG sets. The total number of possible
clutches that connect two nodes, or a node with the ground, is

= + − −N C 3N 2N 1clutch 3N
2

p pp (1)

where the first term is the number of clutches that can be added be-
tween any two nodes, and the second term represents the number of
total possible grounding clutches. Since locking any two of the three
nodes in a PG produce identical dynamics, the third term eliminates
redundant clutches. Finally, the output node should not be grounded.

By changing the locations of the powertrain components and se-
lecting different clutch positions, billions of configurations are available
[83]. To explore the enormous design space, smart configuration gen-
eration and modeling techniques are required, which will be discussed
in Section 4.

3.4.3. Limitations and challenges
The deployment of multiple modes can introduce severe mode shift

problems [84]. Improper mode shifting will increase the noise, vibra-
tion, and harshness (NVH) [85]; increase the energy consumption [86];
and reduce the ride comfort [87] and vehicle drivability [88].

To reduce the negative impacts caused by mode shifts, researchers
have begun to investigate mode shifts of series-parallel HEVs, particu-
larly for transitions from EV modes to hybrid-drive modes [89].

In comparison to series-parallel HEVs, PG-based multi-mode HEVs
have worse NVH because they rely on PG sets to couple the engine and
the driveline mechanically; no any torque converter or clutch is used,
which are usually available in series-parallel HEV to passively damp the
vibrations and oscillations. Researchers have investigated mode shifts
of PG-based multi-mode HEV from two perspectives: mode shift map
design [90] and mode transition control. The mode shift duration
should be minimized to reduce the torque hole and energy loss during
the transition. However, driveline torsional vibrations and torque var-
iation caused by the engine torque pulsations should be suppressed to
mitigate the NVH level [85] and improve the vehicle drivability
[88,91]. Fortunately, the rapid torque response of electric can com-
pensate for the torque disturbance [92].

3.5. Short summary

In this subsection, we comparatively study the different configura-
tions by quantitatively summarizing the HEV models available on the
market. Table 2 lists the typical productions available and their speci-
fications. The fuel economy is denoted as FC0, which is calculated by
following the Environmental Protection Agency (EPA)’s practice of 55/
45 weights on the city cycle (FUDS) and the highway cycle (HWFET)
[93]. For fair comparison, a mass-weighted fuel economy FCweighted is
defined in Eq. (2), where m is the vehicle mass.

=
m

FC FC
weighted

0
(2)

Fig. 7. Configuration of series-parallel hybrid powertrain.

Fig. 8. Lever diagram of different multi-mode HEVs.
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Fig. 10 shows the comparative results. OEMs apparently prefer
different configuration types; most have developed parallel or series-
parallel HEVs owing to investment considerations. Toyota and Ford,
which own the highest market share, are continually working on the
power-split configuration, while GM focuses on the multi-mode for HEV
development.

With the improvements in powertrain control techniques, the
weighted fuel economy of each vehicle (e.g., Toyota Prius in Fig. 10) is
gradually improved with newer models. Currently, the fourth-genera-
tion of the Toyota Hybrid Synergy Drive deployed in the Prius 2019 and
Camry 2019 claims the best fuel economy among all HEV configura-
tions, no matter in charge-sustained (CS) or charge-depletion (CD)
mode [93].

Among all configuration types, power-split and multi-mode HEVs
can achieve the best trade-off between fuel economy and drivability.
Compared with power-split, the multi-mode type has an even better
balance between the fuel economy and acceleration performance be-
cause it has the flexibility to adapt to different driving requirements by
changing its operating mode. It is predicted that more OEMs will de-
velop the series-parallel or multi-mode hybrid powertrains in the future
and that the HEVs will achieve better fuel economy and driving per-
formance with the upgraded powertrain technology.

4. Configuration generation and modeling techniques

As previously discussed, multi-mode hybrids have the best potential
for achieving balance between fuel economy and driving performance.
However, their designs on the market are relatively limited, and the
majority of design space has not yet been considered. To explore such
enormous design space, a methodology for generating the configura-
tions and modeling the dynamics is required. Generally, three ap-
proaches are discussed in the literature: the graph theoretic method, the
bond graph approach and automated modeling.

4.1. Graph theoretic method

Graphs have been used to represent system topologies since the
1700s and are currently adopted in the design of HEV powertrain sys-
tems. Silvas [94] proposed an undirected connected finite graph to
represent the HEV configuration composed of nodes, or components
such as power sources and wheels, and edges, or connections between
components such as transmissions and PGs. By defining the function-
ality and cost constraints, a constraint logic programming problem is
formulated. The feasible configurations for all four configuration types
can be derived. However, the performance of each generated config-
uration such as like fuel economy and acceleration performance cannot
be evaluated because the proposed undirected graph cannot be used to
model the dynamics.

Adam H. Ing [95] used a directed linear graph to represent the
powertrain structure. By using the graph theory, a quasi-static model of

the configuration can be generated. The fuel economy and acceleration
performance of the designs generated are evaluated based on the
equations generated. However, this method cannot be used to model a
hybrid powertrain with multiple modes.

4.2. Bond graph

Bond graphs are used to model multi-energy domain systems such as
mechanical, electrical, and hydraulic systems and have recently been
applied to the modeling of HEV [96,97]. Other than the graph theory,
the bond graphs have a notion of causality and allow the modeling of
system dynamics.

In bond graphs, power flow is represented by a bond between two
nodes and is denoted by a pair of variables known as power variables,
i.e., flow and effort, the product of which is the instantaneous power of
the bond. For example, in a mechanical system, force is the effort
variable, and velocity is the flow variable.

On the basis of the bond graphs, Bayrak [96] proposed a framework
to develop single and multi-mode hybrid configurations. By enumer-
ating all undirected graphs for external junctions and internal junctions,
assigning 0 and 1-junctions and the bond weights, the design space of
the HEV configurations are generated in the form of bond graph re-
presentation. A quasi-static model is generated based on the bond graph
in the form of state-space representation as shown in Eqs. (3) and (4):
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out
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where ∗ω ̇ and ∗T are angular acceleration and the corresponding torques
of the powertrain devices, respectively, and Cmode is the kinematic re-
lationship matrix derived from the bond graphs.

In the Bayrak’s framework, the inertia of the engine and MG is ig-
nored which may have a considerable influence on the performance
evaluation of HEVs, especially for the mode shift of multi-mode HEVs.

4.3. Automated modeling

Automated modeling refers to the methodology of modeling the
dynamics of the hybrid powertrain automatically by following pre-de-
fined rules. This method was first proposed by Liu and Peng [71] in
2009 for power-split HEVs and was extended to multi-mode HEV
modeling by Zhang in 2014 [98]. The core concept of automated
modeling is to model the dynamics of the configuration in the state-
space representation as follows:

⎡
⎣

⎤
⎦

⎡
⎣

⎤
⎦

= ⎡
⎣

⎤
⎦

J D
D F

T
0

Ω̇
0T (5)

where J is a diagonal matrix with dimensions of 3n×3n, reflecting the
inertia on each node, where n is the number of PGs. In addition, D is a
3n×n constraint matrix with entries determined by the connections of
PG nodes with the four powertrain components.

For a multi-mode hybrid powertrain consisting of multiple oper-
ating modes, each mode has a dynamic model in the form of =A TΩ̇ .
To accelerate the modeling, Zhang proposed a torque transition matrix
M and angular acceleration transition matrix P based on the clutch
states [98]. By using the transition matrices, the dynamics of each mode
in multi-mode hybrid powertrain are represented by the characteristic
matrix ∗A as shown in Eq. (6), which governs the relationship between
the angular acceleration of powertrain devices ∗ω ̇ and their corre-
sponding torques ∗T .

Fig. 9. All possible clutches and permanent connections of both double and
triple PG sets.
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Table 2
Typical HEVs available on the market and their configurations.

Configuration Automobile
company

Model Photo Plug-in or
not

Fuel economy
(MPG or MPGe)
[93]

0–60 mph
acceleration time

Subtype Configuration diagram

Series BMW i3-ER Plug-in 35 MPG/111
MPGe

6.5 s N/A

Nissan Notee-Power Regular 45 PG >10 s N/A

Parallel BYD Qin Plug-in 33.2 MPG 5.9 s P3

Volkswagen Jetta Hybrid Regular 44 MPG 7.9 s P2

Hyundai Ioniq Blue Regular/
Plug-in

52 MPG/119
MPGe

N/A

Sonata Hybrid Regular/
Plug-in

39 MPG/99
MPGe

8.6 s

Mercedes-Benz C350e Plug-in 30 MPG/51
MPGe

5.9 s

BWM Active Hybrid 5 Regular 26 MPG 5.7 s

Power-Split Toyota Prius Regular/
Plug-in

54 MPG/133
MPGe

9.8 s Input-Split
(Single-PG)

Ford Fusion Hybrid Regular/
Plug-in

42 MPG/103
MPGe

8.5 s

Toyota Camry Hybrid Regular 52 MPG 7.2 s Input-Split
(Double-PG)

Lexus CT 200 h Regular 42 MPG 9.8 s

(continued on next page)
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Based on the derived characteristic matrix, the feasibility, func-
tionality and characteristics of each configuration can be determined.
Thus, in the following section, we discuss automated modeling to ex-
plore all possible configurations of the hybrid powertrain.

5. Configuration exploration and classification

As discussed in Section 3.4, multi-mode hybrid powertrains com-
prise several sub-configurations with clutches added. These sub-con-
figurations include but are not limited to the configuration types in-
troduced in Section 3: series, parallel, and power-split. In this section,
we systematically explore all possible sub-configurations of hybrid
powertrains and discuss the characteristics of each configuration.

5.1. Brute-force search and dynamics modeling

As discussed in the literature [37,98], different powertrain compo-
nent locations may result in different hybrid powertrains. Thus, for
simplicity, we fixed these locations to be the same as that in the GM
Voltec, as shown in Fig. 11. In this configuration, the ICE connects with
the ring gear of the first PG; the vehicle output shaft connects with the
carrier gear of the last PG; and the two MGs connect with the sun gears
of the first PG and last PG, respectively. In addition, the PG nodes,
including the sun, carrier, and ring gears, are numbered in a series in
the following description.

Before exploring all possible sub-configurations, the effective
number of links that connect PG nodes should be first determined. As
the degree of freedom (DoF) of a single PG is two, the DoF of double-
and triple-PG hybrid powertrains with no connection begins from four
and six, respectively. In this study, the system DoF refers to the number
of components with independent speed. Since each effective link re-
duces the DoF by one, the meaningful DoF of the multi-mode hybrids
are 1, 2, and 3 representing the parallel mode, the power-split mode,
and the engine speed, respectively, where the speed of one of the MGs is
free [83]. Therefore, the effective numbers of links for double- and

Table 2 (continued)

Configuration Automobile
company

Model Photo Plug-in or
not

Fuel economy
(MPG or MPGe)
[93]

0–60 mph
acceleration time

Subtype Configuration diagram

Multi-Mode Honda Accord Regular/
Plug-in

42 MPG/ 110
MPGe

7.6 s Series-Parallel

SAIC Roewe E550 Plug-in 38.1 MPG 10.5 s

Chevrolet Volt Plug-in 42 MPG/106
MPGe

7.4 s Double-
PG(Five
Modes)

Malibu Hybrid Regular 46 MPG 7.4 s

Cadilac CT6 Hybrid Plug-in 25 MPG/ 62
MPGe

5.2 s Triple-PG(Six
Modes)

Chrysler Pacifica Hybrid Plug-in 32 MPG/ 84
MPGe

6.7 s Double-
PG(Three
Modes)

Allison Advanced
Hybrid System
(AHS)

Regular N/A N/A Double-
PG(Two
Modes)

Lexus LC 500 h Regular 30 MPG 5.3 s Multi-Stage
(Ten Modes)
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triple-PG hybrids are between 1 and 3 and between 3 and 5, respec-
tively. In addition, we assigned to each link a vector composed of the
serial numbers of the connected nodes. For example, the link between
Node 1 and Node 4 is represented by [1 4]. If Node 1 is grounded, the
link is expressed by [1 0], with 0 following the grounded node.

In previous research [37], all possible combination of links inside
the double- and triple-PG hybrids are explored exhaustively. It should
be noted that any nodes connected by two or multiple links should be
first merged. For example, three links in double-PG hybrids, marked as
[1 2], [1 4], and [2 4], should be combined and represented by the
vector [1 2 4]. In this study, depth-first search was used to traverse all
possible connected nodes [99]. Finally, the dynamics of each config-
uration are represented in the state-space form, as shown in Eq. (6), by
the automated modeling methodology introduced in Section 4.3.

5.2. Mode classification

For organizing all sub-configurations, several vectors and coeffi-
cients were constructed and extracted from the characteristic matrix ∗A .
The four rows of the ∗A matrix are referred to as Hveh, Heng, HMG1, and

HMG2, respectively. The elements of Hveh are Vveh, Veng, VMG1, and VMG2,
which represent the torque contributions of each component to the
output shaft. Veng, VMG1 and VMG2 can be zero if the powertrain com-
ponents are not connected with the vehicle output.

In addition, six coupling vectors reflecting the coupling relation
among powertrain components are defined as =H [H ; H ]VE veh eng ,

=H [H ; H ]VMG1 veh MG1 , =H [H ; H ]VMG2 veh MG2 , =H [H ; H ]EMG1 eng MG1 ,
=H [H ; H ]EMG2 eng MG2 , and =H [H ; H ]MG1MG2 MG1 MG2 . According to the

defined vectors, several parameters are listed as follows.
1) Rank of the characteristic matrix ∗A
Since each row of ∗A in Eq. (6) represents the relationship between

the torque input and a component’s acceleration, a rank reduction
means that the acceleration of one component can be represented as a
linear combination of those of the other components. Herein, the
number of accelerations that can be represented by other components is
determined by the number of the independent accelerations, which
represents the DoF defined at the beginning of this section. However,
the rank of the characteristic matrix, ∗rank A( ), is the dimension of the
torque input or the component’s acceleration on the basis of linear al-
gebra, which also refers to the number of linearly independent accel-
erations. Therefore, the DoF of the system equals the rank of its char-
acteristic matrix, ∗rank A( ):

= ∗DoF Arank( ) (11)

2) Rank of the coupling matrix HVE, HVMG1, HVMG2, HEMG1, HEMG2 and
HMG1MG2

Similar to the rank of the characteristic matrix ∗A , the rank of the
coupling matrix can represent the correlation between the two com-
ponents in that matrix. For example, if the rank of HVEis equal to 1, the
acceleration of the vehicle is proportional to the acceleration of the
engine. This means that the vehicle output shaft is coupled with the
engine directly. On the contrary, a rank of HVE equal to 2 means that the
acceleration of the vehicle and the engine are independent of each
other. In the following section, the ranks of the matrices HVE, HVMG1,
HVMG2, HEMG1, HEMG2, and HMG1MG2 refer to RVE, RVMG1, RVMG2, REMG1,

Fig. 10. Typical HEVs available on the market. The weighted fuel economy was calculated by Eq. (2).

Fig. 11. Locations of powertrain components for double- and triple-PG hybrid
powertrains.
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REMG2 and RMG1MG2, respectively.
In this section, all configurations explored in Section 3.1 are clas-

sified by layers based on the parameters defined by the binary tree, as
shown in Fig. 12. To summarize, all 14 valid configuration types and
their classification criteria are listed in Table 3. In addition, the num-
bers of all configuration types are summarized. The unique configura-
tion in Table 3 refers to sub-configurations that share the same char-
acteristic matrix even with different topologies. Fig. 13 shows an
example of multiple topologies having different links but the same
dynamics because Nodes C1, R2, C2, S2, and C3 all have the same ro-
tational speed. In this study, configurations sharing the same dynamics
are considered to be equivalent; thus, only one is extracted as a unique
configuration.

Table 3 lists the number of feasible configurations and unique
configurations for both double-and triple-PG hybrid powertrains de-
termined after screening the infeasible and redundant configurations.
The triple-PG powertrains have almost 100 times the number of feasible
configurations than those of double-PG powertrains originally. After the
equivalent configuration screening, only 102 and 4,041 unique con-
figurations were retained. Performance analysis of all unique config-
urations has been conducted in previous research [100].

5.3. Discussion on each sub-configuration

In this section, all 14 sub-configuration types derived above are
discussed separately, and examples of a double-PG system are used to
demonstrate their functionality and characteristics.

5.3.1. Series configuration
According to the series configuration introduced in Section 3.2, the

DoF of the series mode is two. Fig. 14 shows two examples, in which
one MG is coupled with the engine mechanically through the first PG
set, and the other MG drives the vehicle by grounding the R2 node.
Since the engine is not mechanically connected with the wheels, the
engine corresponding coefficient Veng in the Hveh is zero. In addition,
two MGs are mechanically connected with the engine and wheels se-
parately, leading to =V V 0MG1 MG2 , + ≠V V 0MG1

2
MG2

2 , and
+ ≠H (3) H (4) 0eng

2
eng

2 .

5.3.2. 3 DoF configuration
The 3 DoF configuration, as shown in Fig. 15(a), means that three

controllable independent speeds are available in the hybrid powertrain.
Therefore, the speeds of the vehicle and engine as well as the speed of
one of the two MGs can be controlled independently. That is, three
linearly independent equations are required to describe the speed re-
lationship among the powertrain components. Since the number of
controllable powertrain components and the DoF are both three, there
is no flexibility in the component torque selection when their accel-
erations are determined. This can also be observed from Eq. (6): as-
suming the first three rows of the ∗A matrix are used to calculate the
torque commands, the torques from all three powertrain components
are determined on the basis of the desired component acceleration
because the resistance torque Tload is not a control variable. This phe-
nomenon may lead to inefficient system operation. Moreover, the
component speed will become uncontrollable when the engine is off.
Therefore, the 3 DoF configuration is not suitable for topologies with a
single output shaft [101].

By adding an extra output shaft, as shown in Fig. 15(b), the 3 DoF
system will become effective. By connecting the two output shafts with
the front–rear or left–right wheels, 4WD [102] or the differential
steering function [103] can be achieved.

5.3.3. Compound, input and output-split configuration
As introduced in Section 3.3, the input-split, output-split, and

compound-split configurations all belong to the power-split configura-
tion and are collectively known as ECVT modes. All of these ECVT
modes have two DoFs, which enables decoupling of the engine speed
from the vehicle speed.

The differences between them are the coupling relationship among
the vehicle, engine and two MGs [64]. In the input-split configuration,
the speed of one MG is coupled with the vehicle speed, whereas the
speeds of the engine and the other MGs are uncoupled with the vehicle
speed, as shown in Fig. 16 (i.e., =R R 2VMG1 VMG2 ). On the contrary, the
engine speed of the output-split configuration is always coupled with
one MG and is uncoupled with the speeds of the other MG and the
vehicle, as shown in Fig. 17 (i.e., =R R 2EMG1 EMG2 ). If the speeds of the
vehicle, engine, and the two MGs are not coupled with each other, as
depicted in Fig. 18 (i.e., =R R 4EMG1 EMG2 , =R R 4VMG1 VMG2 , =R 2VE ,

=R 2MG1MG2 ), the compound-split configuration is implied. The

Fig. 12. Configuration classification by binary tree.
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structural feature described above results in different positions of the
power split for different ECVT types, as mentioned in Section 3.3.

In addition to these structural differences, one of the MGs in an
input-split configuration that has a fixed gear ratio with the vehicle

Table 3
Classification criteria and number of feasible configurations for 14 configuration types.

Configuration type Classification criteria Number of feasible configurations Number of unique configurations

Double PG Triple PG Double PG Triple PG

1 Series configuration DoF=2, Veng= 0, VMG1VMG2= 0, Heng(3) Heng(4)= 0,
VMG1

2+VMG2
2≠ 0, Heng(3)2+Heng(4) 2≠ 0

9 70,978 5 85

2 Compound split (3 DoF) DoF=3 2 88,30 2 650
3 Compound split (2 DoF) DoF=2, Veng≠ 0, VMG1VMG2≠ 0, RVE= 2,

RVMG1RVMG2= 4, REMG1REMG2=4, RMG1MG2= 2
4 2,175 4 269

4 Input split DoF= 2, Veng≠ 0, VMG1VMG2≠ 0, RVMG1RVMG2= 2 13 12,390 6 172
5 Output split DoF= 2, Veng≠ 0, VMG1VMG2≠ 0, REMG1 REMG2= 2 13 13,227 6 210
6 ECVT with one MG DoF=2, Veng≠ 0, VMG1VMG2= 0, VMG1

2+VMG2
2≠ 0 4 2,394 4 106

7 ECVT with two MGs in series DoF= 2, Veng≠ 0, VMG1VMG2≠ 0, RMG1MG2= 1 3 2,388 3 82
8 Engine only DoF=1, Veng≠ 0, VMG1 VMG2= 0, VMG1

2+VMG2
2= 0 17 10,594 4 47

9 Parallel with fixed gear (2 MGs,
2 DoF)

DoF=2, Veng≠ 0, RVE= 1, VMG1VMG2≠ 0 3 1,833 3 82

10 Parallel with fixed gear (2 MGs,
1 DoF)

DoF=1, Veng≠ 0, VMG1VMG2≠ 0 330 240,530 21 1,218

11 Parallel with fixed gear (1 MG, 1
DoF)

DoF=1, Veng≠ 0, VMG1 VMG2= 0, VMG1
2+VMG2

2≠ 0 80 68,376 24 666

12 EV (2 MGs,2 DoF) DoF=2, Veng= 0, VMG1VMG2≠ 0 2 1,279 2 55
13 EV (2 MGs,1 DoF) DoF=1, Veng= 0, VMG1VMG2≠ 0 40 35,049 12 331
14 EV (1 MG, 1 DoF) DoF=1, Veng= 0, VMG1 VMG2= 0, VMG1

2+VMG2
2≠ 0 76 83,527 6 68

Sum 596 553,570 102 4,041

Fig. 13. Example of topologies sharing the same dynamics [100].

Fig. 14. Examples of series configuration.

Fig. 15. Examples of 3 DoF configuration.

Fig. 16. Examples of input-split configuration.

Fig. 17. Examples of output-split configuration.

Fig. 18. Examples of compound-split configuration.
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output shaft can provide significant torque assist when launching the
vehicle. This attribute makes this configuration type more effective
than the other two types under low speeds and can still be feasible in
high speeds if the motor maximum speed allows. This configuration is
widely applied in Toyota hybrid vehicle fleets [66]. In comparison with
the input-split configuration, the compound-split configuration can
provide flatter output torque and has a wider speed range. In addition,
the existence of two mechanical points makes the compound-split more
efficient under some working conditions, such as that at high speeds.
Therefore, it is employed in some multi-mode HEVs such as the Chev-
rolet Volt Gen2 as a high-speed mode [68] to improve the overall ve-
hicle fuel economy. Nevertheless, the output-split configuration has no
extraordinary features and is therefore rarely used vehicle production.

5.3.4. ECVT with one motor/two MGs in serial configuration
An ECVT with one motor can be viewed as a one-motor case of

input-split configuration without MG coupling with the vehicle output
shaft, as shown in Fig. 19 (a) (i.e., DoF= 2, ≠V 0eng , =V V 0MG1 MG2 , and

+ ≠V V 0MG1
2

MG2
2 ). However, an ECVT with two MGs in a series is si-

milar to that shown in Fig. 19 (b), although the two MGs are connected
in a series and can be considered as one larger MG (i.e., =R 1MG1MG2 ).

In this configuration type, the vehicle is still propelled simulta-
neously by the engine and one MG through the PG set. Such a power-
train arrangement provides an ECVT function with the help of the MG
so that the engine speed can be controlled regardless of the vehicle
speed. However, it does not offer the same flexibility in controlling the
engine torque. The DoF of this powertrain is two, but only two con-
trollable powertrain components are retained, i.e., the engine and one
MG. Thus, similar to that in the 3 DoF configuration, the DoF of the
torque input is only one, so that the engine torque cannot be arbitrary
assigned when the engine is operating at the desired speed.

Even considering these limitations, some researchers proposed
powertrains including this configuration type because of its ECVT
function. Yang [47] and Zhu [82] both developed power-split hybrid
powertrains with a single MG. The uncontrollable engine torque makes
such a configuration type limited while the vehicle is operated As a
result, although it is rarely applied in the vehicles produced, it can be
used as an intermediate mode in some multi-mode hybrid powertrains
when mode shift occurs and the component speeds need to be changed
for clutch engagement conditions [104].

5.3.5. Engine-only configuration
In the engine-only configuration, both MGs cannot provide power to

operate the vehicle, as shown in Fig. 20. In this circumstance, the
output shaft is driven only by the engine with a fixed-gear ratio, which
is the same as that in a conventional vehicle without MGs. Therefore,
the advantages of powertrain hybridization disappear, which makes
this configuration less desirable in multi-mode hybrid powertrains.

5.3.6. Parallel with fixed-gear configuration (2 MGs, 2 DoFs)
The engine in this configuration type is connected to the drive shaft

mechanically with a fixed gear ratio (i.e., ≠V 0eng , =R 1VE ), whereas
the speeds of the two MGs are both decoupled from the vehicle speed
through the PG set (i.e., DoF=2, ≠V V 0MG1 MG2 ), as shown in Fig. 21.

This topology is recognized as a parallel configuration because the
engine speed is coupled to the vehicle speed, which is the same as that
in parallel HEVs. With the help of MGs, the torque of the engine can be
regulated to achieve higher engine efficiency.

In this configuration type, since the speed of the MGs can be ma-
nipulated, higher efficiency could be achieved compared with the
configuration type in which the MG speed is proportional to the vehicle
speed. However, this configuration was found to be topologically fea-
sible only through the exhaustive search; to the best of our knowledge,
it has not been adopted in any commercialized vehicles.

5.3.7. Parallel with fixed-gear configuration (1 MG/2 MGs, 1 DoF)
The parallel with fixed-gear configuration is the exact parallel

configuration introduced in Section 3.1, in which the engine and MGs
speeds are all proportional to the vehicle speed. If one of the MGs is
grounded, the topology is parallel with fixed-gear configuration (1 MG,
1 DoF), as shown in Fig. 22. Otherwise, the topology is marked as
parallel with fixed-gear configuration (2 MGs, 1 DoF), and both MGs
can either assist or recuperate energy from the vehicle, as shown in
Fig. 23.

Different gear ratios between the engine and the output shaft will
result in different parallel modes. The triple-PG powertrain can achieve
a higher gear ratio (up to 14) if the ring/sun gear ratios are determined
[37]. The higher gear ratios are beneficial for buses, sport utility ve-
hicles (SUVs), and trucks, which require high traction torque for ac-
celeration, climbing and towing [83]. In addition, if the gear ratio is
appropriate, the parallel configuration may have better efficiency than
the ECVT modes at high vehicle speeds because less energy loss occurs
in the electrical path, as discussed in Section 3.3.

In addition, the parallel with fixed-gear configuration has the
maximum configuration numbers among all 14 configuration types, as
shown in Table 3. Naturally, this configuration is easily combined with
other configuration types to form a multi-mode hybrid powertrain.

5.3.8. EV (2 MGs, 2 DoFs)
For one of the EV modes, the speeds of both MGs are decoupled

from the vehicle speed, which is referred to as EV (2 MGs, 2 DoFs). In
addition, the engine is always disabled or grounded, as shown in
Fig. 24. Compared with conventional EV mode, in which the MGs are
connected with the driveshaft directly, this 2 DoF EV can tune the
speeds of both MGs to potentially achieve higher operation efficiency.
Zhang proposed a dual-motor-driven electric bus adopting this config-
uration type that achieved excellent energy efficiency [105].

5.3.9. EV (1 MG/2 MGs,1 DoF)
For EV modes with 1 DoF, the engine is disabled or grounded by a

grounding clutch, and the MGs are connected with the output shaft
mechanically with fixed gear ratios as shown in Fig. 25 in the 2 MG case
in and Fig. 26 in the 1 MG case. Unlike that in the EV mode with 2 DoFs,
the MGs’ speeds are coupled with the vehicle speed.

For the EV mode with two MGs, the torques of the MGs can be
superimposed to achieve improved launching performance without
running the engine. Moreover, instead of tuning the MG speed in EV
mode with 2 DoFs, the torques of both MGs can be manipulated to
achieve better efficiency while satisfying the driver’s demand.

6. Research gaps and future trends

As reviewed so far, great efforts have been made in the field of HEV
configuration optimization. However, developing an economic hybrid
powertrain with superior performance remains a challenge. In addition,
the emergence of vehicle automation, connectivity, artificial in-
telligence, and fuel cell technology has provided a great opportunity to

Fig. 19. Examples of ECVTs with one motor/two MGs in serial configuration.
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further improve the fuel economy, driving performance and mobility.
The research gaps and future trends are discussed in the following
subsections.

6.1. Multi-objective configuration optimization

In addition to realizing fuel economy, challenges such as the capital
cost [106], generated emissions [107], drivability, performance, and
ride comfort turns an optimal design of a hybrid powertrain into a
nonlinear multi-objective constrained optimization problem. For a
multi-mode hybrid powertrain, drivability and ride comfort during the

mode transition are particularly important in delivering this concept to
the market [104]. In addition, the impact of transmission efficiency
with a more complicated powertrain configuration has not been studied
systematically thus far. Furthermore, owing to the critical fuel economy
standards, hybrid technology must be extended to light trucks and SUVs
in the near future. Accordingly, 4WD operation is an important feature
for both light trucks and SUVs to meet the requirements of heavy ac-
celeration, towing, and climbing. Therefore, the configurations with
4WD that maintain the ECVT function require further investigation
[103].

6.2. Integrated optimization in HEV system-level design

To meet more stringent fuel economy and emission regulations,
OEMs and researchers have investigated more complex hybrid config-
urations with multiple planetary gear sets and clutches. Therefore, in-
tegration of the concurrent plant design (i.e., configurations and com-
ponent sizes) with control optimization is needed, which would create
unprecedented complexity in the optimization, as shown in Fig. 27 [7].
Since current methods have failed to explore the entire design space
exhaustively owing to the computational burden, optimizing the phy-
sical parameters and the controls of HEV efficiently remain a challenge.

6.3. Expansion of optimization to connected and automated HEVs

Current HEV configuration optimization and energy management

Fig. 20. Example of engine-only mode.

Fig. 21. Example of parallel with fixed-gear mode (2 MGs, 2 DoFs).

Fig. 22. Example of parallel with fixed-gear configuration (2 MGs, 1 DoF).

Fig. 23. Example of parallel with fixed-gear configuration (1MG, 1 DoF).

Fig. 24. Example of EV (2 MGs, 2 DoFs).

Fig. 25. Example of EV (2 MGs,1 DoF).

Fig. 26. Example of EV (1 MG,1 DoF).
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studies generally focus on a few standard driving cycles such as
highway, in-city, and inter-urban for evaluating fuel economy.
However, standard fuel economy testing for regulatory purposes does
not adequately consider real-world (or off-cycle) driving behavior.
Therefore, a variety of research have been conducted to achieve eco-
logical driving (eco-driving) in real-world driving conditions, including
highways with altitude variations [108] and city driving with traffic
signals [109].

Developments in vehicle connectivity and automation provide ad-
ditional opportunities for energy efficiency improvements in real-world
driving. For example, connectivity can allow a vehicle to predict its
future driving conditions with respect to the anticipated road state
considering slopes and speed limits as well as the timing of traffic signal
phases and car following [110]. The look-ahead or preview information
can be used for co-optimization of vehicle dynamics and powertrain
(VD & PT) control to maximum the energy efficiency over a portion of a
trip or an entire trip [111]. Thus, it is interesting to implement the co-
optimization of VD & PT control on a single-vehicle basis, across co-
operating vehicles, or even in entire vehicle fleet, to enhance the overall
energy efficiency and safety. In addition, integration of VD & PT control
technologies with configuration optimization can be promising feature
in vehicle designs for a certain application.

6.4. Optimization of fuel cell electric vehicles

Fuel-cell electric vehicles (FCVs) have received significant attention
owing to their zero emission of greenhouse gases. These vehicles
usually adopt fuel cells as the primary power source, and an additional
energy storage system (e.g., batteries or ultra-capacity) is used as an
auxiliary power source. Thus, these vehicles are sometimes referred to
as fuel cell hybrid electric vehicles. Since fuel cell system have much
higher energy density compared to battery system, this type is more
promising for heavy duty applications.

The configuration and energy management strategy design of FCVs
need to be carefully considered to ensure efficient and smooth opera-
tion of the vehicles [112]. Since energy management strategies have
been investigated widely, the topology and size of the auxiliary power
source (e.g., batteries, ultra-capacity or their combination) [113] and
converters (e.g., direct current (DC)/DC and DC/alternating current
(AC)) [114] should be optimized further to improve the lives of both
the fuel cells and the batteries. Moreover, the interactions between
control strategy and configurations should be investigated further to
explore the potential of hybridization [7]. The co-optimization, taking
their coupling into account, may be the promising method to identify
better designs [115,116].

In addition, researchers have recently used multiple fuel cell stacks
to simultaneously improve the fuel economy and the durability of the
onboard fuel cells [117]. However, techniques for globally optimizing
the number of fuel cell stacks and the capacity of the fuel cell stack and
the auxiliary power source are essential for enhancing the overall ef-
ficiency and cost effectiveness of the vehicle.

6.5. Charging infrastructure

Developing the charging infrastructures is crucial for promoting the
EV or PHEV to achieve the sustainable mobility [118,119]. There are
some open charging-related problems and challenges to be addressed
from the technical and scientific point of view, including the design and
optimization of AC charging devices, DC fast charging technology and
wireless charging [120]. In addition, Vehicle to Grid (V2G) technology
is recognized as a promising technology to integrate the stationary
energy storage systems and renewable energy sources with the main
grid [121].

7. Conclusions

This study focuses on the survey of the configurations, modelling
and optimization techniques of hybrid powertrain. First, four config-
urations—series, parallel, power-split, and multi-mode—are categor-
ized according to mechanical connections and power flow among the
powertrain components. The operation mechanism, state-of-the-art and
pros/cons of each configuration comparatively are compared. The
multi-mode hybrid powertrain showed the best fuel savings potential
because it utilizes the benefits of the other three types. The complexity
of multi-mode hybrid powertrain results in a large design space.
Second, the configuration generation methods are summarized, in-
cluding graph theoretic method, bond graph and automated modeling.
By using the automated modeling, the design space of HEV configura-
tions was explored exhaustively, and 14 feasible configuration types
were classified by using a binary tree. In addition, the features and pro/
cons of each sub-configuration are discussed. Finally, the research gaps
and future trends on the study of HEV configurations were discussed. To
identify a market competitive HEV product, solving the HEV design
problem in the system level is expected, which could achieve the co-
optimization of plant and control strategy. In addition, there remains a
challenge to extend the regular HEV to a connected, automated or fuel-
cell powered vehicle.
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