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Abstract

Previous research mainly concentrated on minimizing energy consumption of electrified powertrains in
either design or control respect. Furthermore, thermal domain, which plays a crucial role in determining
the energy usage, has not been fully investigated yet. Therefore, this paper aims to provide a compre-
hensive analysis of the state of the art of approaches for improving electrified powertrain efficiency. Two
case studies are carried out based on the opportunities found. It is concluded that, to maximize electrified
powertrain efficiency, an integrated approach including energy and thermal aspects, taking into account
of topology, technology, size and control optimization, is recommended.

Keywords: BEV (battery electric vehicle), PHEV (plug in hybrid electric vehicle), efficiency, optimiza-
tion, transmission.

1 Introduction

Electrified powertrains which probe opportunities of reducing energy consumﬁtion are emerging to meet
unprecedented emissions regulations and energy shortage. Enormous effort has been made to improve
electrified powertrain efficiency. Earlier studies were mainly concerned with a facet of electrified pow-
ertrains, such as proposing an architecture, adopting a technology or developing a control algorithm
[1, 2, 3]. An optimal system design, however, demands concurrent ]plant and control optimization, con-
sidering the coupling between the physical system and the control algorithm [4].

Furthermore, in literature, in order to improve energy efficiency of electrified powertrains, the optimiza-
tion problem is often solved, taking into consideration of chemical, mechanical and electrical energy
flows [5, 6]. Thermal domain, which is also an integral part of the energy flow of an electrified power-
train, has yet to be explored.

Energy-efficient electrified powertrains, on the other hand, require a holistic and integrated approach
to synthesize design and control with respect to both energy and thermal aspects. In view of the draw-
backs of previous research, this study aims at providing a comprehensive overview of the state-of-the-art
methods for maximizing electrified powertrain efficiency and i1dentifying opportunities. The energy sav-
ing techniques found are justified by two case studies on hybrid electric vehicles (HEVs) and electric
vehicles (EVs), respectively. The rest of this paper is organized as follows. In Section 2, an overview of
progress in improving electrified powertrain efficiency is given. Section 3 presents an integrated energy
and thermal management system (IETMS) with applications to plug-in HEVs (PHEVs). In Section 4,
continuous variable transmission (CVT) technologies for EVs are investigated. The main results in the
form of conclusions and future suggestions are provided in Section 5.
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2 Opverview of energy conservation techniques

In order to gain qualitative insights into areas where most of the energy efficiency improvements could
be achieved, a numerical simulation was performed to analyze energy losses of a CVT-based plug-in
HEV (PHEV) on the New European Driving Cycle (NEDC), as shown in Figure 1. The simulation
result indicated that equal attention should be paid to reducing rolling resistance and air drag as vehicle
hybridization, e.g., through mass reduction [7]. Moreover, a variety of electrified powertrain architectures
exist, as illustrated in Figure 2. For definitions of these driving modes, interested readers are referred to
[8]. Each architecture has its merits and demerits. The choice is often dependent on the applications and
the trade-off between performance and cost [4]. Serial architectures are common in buses and heavy-duty
vehicles, while parallel topologies are dominant in passenger cars. Eliminating the engine path, an EV
architecture is visible, which can have different variants, for example, different transmission technologies

used.
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Figure 1: Energy losses of a CVT-based PHEV on the NEDC. ICE is the internal combustion engine, Batt the
battery and PEEM the power electronics (PE) and electric machine (EM).
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Figure 2: Electrified powertrain architecture. Series denotes the series HEV, GEN the generator, parallel the
parallel HEV, ICE the engine only mode, CH the charging mode, EV the electric vehicle mode, MA the motor
assist mode and BER the brake energy recuperation mode.

EVS32



For a given topology, earlier works mainly focused on energy management systems (EMSs), which have
shown that optimization-based algorithms, such as dynamic programming (DP), Pontryagin’s minimum
principle (PMP), equivalent consumption minimization strategy (ECMS), and model predictive control
(MPC), outperform conventional rule-based ones [9, 10, 11, 12, 13]. Advantages and disadvantages of
each method can be found in [8, 14, 15]. Optimization-based approaches minimize a cost functional,
by finding an optimal control law, subject to various constraints. Rule-based methods make decisions,
by using a set of rules, e.g., if-then conditions, derived from engineering intuition. Furthermore, a
combined dimensioning and control optimization was presented to reduce energy consumption and cost
of ownership simultaneously in [16]. The optimal solution can be found on a representative driving
pattern even under constraints of performance requirements by evaluating

kn 1 kn 1
J= Pr(k)At + —L N Po(k)At 1
thv kz;; s * 1000 36()0 Z + ZJ:"’CJ”% (1)

where the fuel power P, and charger power P, are converted to costs using energy prices p s for gasoline
and p, for electricity. Hjy, is the lower heating value of gasoline, p. the price of the battery cell, and n.
the number of battery cells. In addition, since most optimization strategies are not online implementable,
predcilctivelEMSs using external information provided by intelligent transportation system, were investi-
gated in [17].

From Figure 1, it can be seen that a large portion of the fuel energy is dissipated into the surroundings
in the form of exhaust gases, and recovering a part of that energy would be an effective way to improve
powertrain efficiency. Two categories of waste heat recovery (WHR) technologies may be distinguished,
namely Rankine cycle-based WHR systems and thermoelectric generators (TEGs). A Rankine cycle-
based electrical WHR (REWHR) system recuperates waste energy from exhaust gases and the power
harvested is stored into the battery, as 111ustrateg1) in Figure 3 [18, 19], where the expander is coupled with
a generator. A TEG generates electricity as long as there is a thermal gradient based on the Seebeck effect

D —
Battery - -- PE - -- EM <- - - Expander Pump

L Condenser —I

Figure 3: Schematic of a Rankine cycle-based electrical WHR system.
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[20]. It can also be observed that the auxiliary load, for example, heating, ventilation and air conditioning
(HVAC) and engine cooling system, consumes a significant amount of energy. It is thus imperative to
develop energy-saving thermal management systems (TMSs). Solar-reflective glazing, thermal storage
using phase change materials and component encapsulation were reported as viable means to reduce en-
ergy consumption [21]. TMS architectures featuring efficient heat exchange through proper arrangement
of cooling circuits, e.g., distributing the engine coolant to heat up the cabin, lubrication oils and battery,
have revealed substantial powertrain efficiency improvement, as demonstrated in Figure 4.

It is apparent that the amount of waste heat from PEEM is significant as well, and recuperating a certain
percentage of that power, which would otherwise be wasted into the ambient, is a promising way to pro-
mote energy efficiency. A heat gump, because of higher coefficient of performance is proved to be an
alternative to an electric heater [23]. It can be adopted for extracting waste heat from PEEM, resulting in
increased heating capacity and heatlng performance for cabin heating, which contributes to a decrease in
the battery load [24, 25], as shown in Figure 5.

The results in [26] presented remarkable energy consumption reduction via upgrading traditional me-
chanical actuators to their electrified counterparts, enabling cooling on demand by using optimal con-
trollers. More importantly, an integrated energy and battery TMS, as depicted in Figure 6, was proposed
in [27]. Note that, for simplicity, only cooling Eart is considered. Specifically, the battery can be cooled
down with a radiator (u,-) and chilled down with the air conditioning (AC) system (u4.), as demonstrated
in Figure 7. The objective of this system is to minimize the overall fuel consumption, while maintain-
ing the battery temperature within its suitable range. The control vector v is found by minimizing the
following Hamiltonian

H(Eq, Ty, M, Mg, u) = 1ip(t) + A1 - Es + Mg - Tp. )
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where F; and \; represent the battery energy dynamics and the associated costate, respectively. T}, and
Ao represent the battery temperature dynamics and the accompanying costate, respectively. The temper-
ature dynamics relate to the corresponding cooling power consumption. The proposed integrated system
demonstrated superior performance to its separated equivalence.
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Figure 4: Thermal management system architecture [22].
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Figure 5: Electric path waste heat recovery in electrified powertrains.

In general, electrified powertrains comprise HEVs and EVs. From design perspective, these two types
of vehicles have different requirements. Therefore, to verify the energy saving of implementing some
methods and technologies as aforementioned, they are investigated individually.

3 IETMS for HEVs

Considering conversion efficiency, technical readiness and cost, REWHR systems are preferred to TEGs.
Moreover, observing the temperature levels of main components of a CVT-based electrified powertrain,
it is feasible to group CVT and PEEM, sharing the same housing and coolant loop, for example, with oil
cooling. This further increases the amount of waste heat that could be harvested. Harvesting waste heat
from PEEM and CVT is termed electric path WHR (EPWHR). A REWHR system, which is mostly used
in internal combustion engine vehicles (ICEVs), and a heat pump, which is mainly adopted for EVs, are
employed in a PHEV context. As a result, an IETMS is originally proposed to quantify the benefit of
using these WHR technologies on the fuel saving of the PHEYV, as illustrated in Figure 8. The PHEV with
cabin heating demand from the battery, is subject to a cold-start, for example, the car has been parked for
a long time, which is common in reality. A backward-facing model is developed, consisting of energy
dynamics (black lines) and thermodynamics (red lines). Let ~y, be the CVT variator ratio and u; be the
torque split factor, which represents the torque split between the ICE and the EM. Given the demanded
torque 7y based on the vehicle speed v, and vehicle acceleration a,,, which are prescribed by a driving
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Figure 6: Integrated energy and battery thermal management system. Ppq1 1055 1S the heat generation of the battery,
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Figure 8: Integrated energy and thermal management system for a CVT-based PHEV.

cycle, the torque provided by the ICE and EM are expressed as
Te(k) = (1 = ui(k)) - Ta(k), if Ta(k) >0, 3)

1000 -
il 4
30 4)

where £ represents the time index and w), is the speed of the primary pulley of the CVT. In this config-
uration, the ICE and EM speeds (w. and we,,) are equal to w,. The fuel consumption represented by

Tom (k) = w(k) - Ta(k), if Ty(k) > 0V Ty(k) < 0 Awy(k) >
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the injected fuel mass flow Am¢(k), under warm-start conditions, meaning the engine is already at its
efficient operating temperature, is described by a look-up table, i.e.,

Amy(k) = Amg(Te(k), we(k)). 3)

With cold-start conditions, however, the fuel consumption is higher due to higher oil viscosity effects
and frictional losses. This cold effect is reflected by introducing a correction factor, which is given by
(28]
1+ Ce,1 * (ae,mam - 98(/{)) ’ 666’2.(96’7”&1706(16))7 if ee(k) < ee,mam
c(0e(k)) = ©6)
1, if 0c(k) = Oc mag-

where c. 1 and c. 2 are constant coefficients. 0 q. is the engine operating temperature. Therefore, the
temperature-dependent fuel power is calculated by

Pu(k) = c(0e(k)) - Amp(k) - Hipo. %

A large portion of the fuel power is converted into mechanical power P, (k) = we(k) - Te(k) to propel
the wheels. Another significant part is dissipated to the exhaust gases Peypn(k) = (Cegh,i — Cezh2 -
we(k)) - Po(k), where ceqp 1 and cegp 2 are constant coefficients. The power lost to the ambient air due
to convection is computed by P, (k) = ¢4 - Ac - (0(k) — 0,), where ¢, is the heat transfer coefficient,

A, the heat exchange area and 6, the ambient temperature. Hence, the heat production in the engine is
obtained by

P (k) = Po(k) — Po(k) — Pogn(k) — Pa(k). (8)

As a result, the engine temperature can be described as follows:

%7 if Oc (k) < Oc,maz

b (k) = 9)
0, if He(k) = Qe,maz.

where ¢;, is a heating coefficient, which balances the faster heating of the lubrication oil and the slower
heating of metal parts. c,. is the engine specific heat and m. its mass. The REWHR system is employed

to recuperate a certain amount of the exhaust gas heat P, (k), and the recovered energy is ultimately
stored into the battery. For the sake of simplicity, a lumped recovery efficiency 7.4 € [0,10%] is used to
gain qualitative insights, and the power harvested is given by

Peg(k) = Neg * Pexh(k')' (10)

Similarly, the EPWHR system is adopted to recover a certain percentage of the waste heat from the
PEEM and CVT with a lumped harvesting efficiency 7., € [0,20%] to reduce the load on the battery,
and the recovered power is calculated by

Pep(k) = Tep - (Ppeem,loss(k) + Pcvt,loss(k))- (11)

where Ppeerm, ioss(k) is the power loss of the EM including PE and P, j0ss(k) is the power loss of the
CVT. Detailed loss maps of the EM and CVT are used for the calculation. Taking into account of the
electrical power of the EM, Pep, o1(k) = Wem (k) - Tem (k) + Ppeem,ioss(Tem (), wem (k)), and the cabin
heating request, P,,., which constitute the electric power supplied by the battery, the battery current is
computed by

o ‘/Oc(k) _ \/%%(k) -4 (Pem,el(k) + Pau:p) . Rznt(k)
B 2Rint (k) ’

where V. is the open circuit voltage of the battery and R;,,; its internal resistance. Consequently, the
SOC of the battery evolves according to

Iy (k) (12)

Iy (k) - my(Iy(k))
Oy - 3600

£k +1) = — Ak + (k). (13)

where 7 is the battery charging efficiency and @)y is the battery capacity. Therefore, the overall system
can be summarized as follows. The state variables are £(k), which represents the energy dynamics, and
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0 (k), which reflects the thermodynamics. The control inputs are v, (k) and u (k). The disturbance vec-
tor contains v, (k) and a, (k). A trade-off exists between the cost of the engine warm-up, increasing the
engine temperature to its operating temperature, and the benefit of adoptmg WHR technologies. Among
the control strategies introduced earlier, DP [29, 30], which uses Bellman’s principle of optimality and
ﬁndsfthe global optimal solution, is apphed to obtain an optimal control law by minimizing the following
cost function

kn 1
J = Z [1 + o1+ (Oemaz — Oe(k)) - ece,2~(96,maz—06(k))] - Amy (k). (14)
k=ko

Constraints imposing on the system are given by

we (k) € [We,min, We,maz]s (15a)
Te(k) € [Te;min(we(k)), Temaz(we(k))], (15b)
Wem (k) € [Wem,min, Wem,maz) (15¢)
Tem (k) € [Tem,min(Wem(K))s Tem,maz(Wem (k)] (15d)
Iy(k) € [Lymins Iy maz]s (15€)
Yo (k) € [Yo,mins Yo,maz], (15f)
ut(k) € [t min, Ut maz], (15¢g)
£(1) = &(IV), (15h)
£(k) € [Emins Emaals (15i)
Oc(k) € [De,mins Oc,maz)- (15j)

The simulation result is shown in Figure 9. It should be noted that due to resolution, the SOC trace
appears to be a straight line. It can be observed that the recuperated power from the exhaust gases is
temporarily stored into the battery and retrieved efficiently at high power demand. Furthermore, the
recovered energy from the PEEM and CVT reduces the load on the battery directly, as the charging
power in Sp is much less than that in Sy. Compared with the baseline Sy, remarkable fuel efficiency
improvement can be achieved, up to 13.1%. Altering the efficiencies of the WHR systems, different fuel
savings can be obtained, which provide insights into design of WHR technologies and dimensioning of
electrified powertrain components. For example, the recovered power can downsize the battery pack.

0 200 400 600 800 1000
Time [s]

Figure 9: Hybrid mode visualization for the PHEV in charge sustaining mode on the NEDC. The upper subplot
Sp represents a simulation setting without WHR technologies, while the lower subplot .S; represents a simulation
setting with WHR technologies.

4 CVT for EVs

Currently, the emerging EV market is dominated by the single-speed transmission due to its system sim-
plicity. The potential benefits of multi-speed transmissions, e.g., CVTs, for improved energy efficiency
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and drivability, are under discussion. To evaluate the benefit of a CVT, a compact class EV is used in this
study, where system integration, especially the dependency between EM and CVT, plays a pivotal role.
This case study is based on the work presented in [31]. Main vehicle parameters and vehicle performance
requirements are listed in Table 1. Despite its simplicity, a single-speed transmission poses conflicting
requirements for EMs. At low speeds, EMs have to offer a good drive-off performance, leading to large
dimensions and magnetic forces, which have a negative impact on their ability, at high speeds, to achieve
top vehicle speed, resulting in a reference EM as shown in Figure 10. The CVT, however, can solve
this trade-off due to ratio variation between the Low ratio and the overdrive (OD) ratio, resulting in a
downsized EM, which has similar peak power and peak efficiency as the reference one, as evidenced in
Figure 11. Through analyzing several variator options, belt, chain, toroidal, and variable planetary, the
pushbelt type variator stands out, taking into consideration of efficiency, power density and NVH (noise,
vibration and harshness). In order to achieve the performance of the considered EV, two spur gear stages
are added to the variator to provide the demanded ratio coverage. The variator helps find the most effi-
cient regions of the driveline, owing to its continuous adjustment. The wider power availability of the
EM, in turn, requires a smaller ratio coverage, resulting in, e.g., improved variator efficiency, decreased
actuation power, and reduced NVH. In order to investigate the benefit of a ratio change, three systems, as

Table 1: Main vehicle parameters and vehicle performance requirements

Parameter Value  Unit
Mass 1415 kg
Payload 400 kg
Trailer mass 2715 kg
Aerodynamic coefficient 0.24 -
Frontal area 2.13 m?
Dynamic wheel radius 0.3065 m
Maximum range 400 km
Maximum speed 170 km/h
Maximum acceleration 0-100 [km/h] 9.2 S
Drive-off slope 35 %
Climb sidewalk step 10 cm
213

111 kW
reference EM

Torque [Nm]

83

96 kW
downsized EM

0 12000 16000
Speed [rpm]

Figure 10: Performance characteristics of the reference EM and the downsized EM.

depicted in Figure 12, are compared on Worldwide Harmonized Light Vehicles Test Cycles (WLTC) in
terms of energy consumption and vehicle performance, by using a backward-facing model with optimal
control. These three systems are the single-speed transmission with the reference EM, the CVT with the
reference EM, and the CVT with the downsized EM. Compared to the single-speed transmission, trans-
mission technologies with variable speeds reduce energy consumption by 3-4% [31]. The integration of
CVT with the downsized EM demonstrates a competitive energy consumption. Furthermore, in terms
of key performance indicators, CVTs are compared with two-speed transmissions, as shown in Figure
13. Reducing speed and torque requirements on the EM specification contributes to reduced size, weight
and cost. When it comes to vehicle performance, as listed in Table 2, the maximum vehicle speed is
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Figure 11: Efficiency maps of the reference EM and the downsized EM.

not met by the single-speed transmission. In Table 2, std EM represents the reference EM and opt EM
represents the downsized EM. The difference in acceleration performance between the CVT with the
reference and downsized EM can be explained by the lower maximum power of the downsized EM. It
can be envisioned that, due to the addition of a CVT, the battery pack and the cooling system can also be
downsized, contributing to further energy saving, which is subject to ongoing research.

1-speed
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,=3.91 ==
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Figure 12: EV topologies with different transmission types. 1-speed denotes the single-speed transmission, ref. EM
the reference EM and dwns.EM the downsized EM.
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Figure 13: Comparison of key performance indicators. AMT represents the automated manual transmission and

DCT represents the dual clutch transmission.

Table 2: Simulation results of vehicle performance

Parameter

I-speed std EM CVTstd EM CVT opt EM

Top speed
Acceleration
Gradeability

158
6.9
35

>170
7.4
35

>170
8.0
35
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5 Conclusions

Powertrain electrification is a logical solution to tackle energy and environmental issues. A numerical
simulation is conducted to analyze energy losses of a PHEV so as to identify components and systems
where most of the energy efficiency improvements could be obtained. The state of the art of approaches
for improving electrified powertrain efficiency are thoroughly reviewed. To verify the energy saving
potential of the opportunities found, two case studies are performed. An IETMS is proposed for a
PHEV with cabin heating request, subject to cold-start conditions, where up to 13.1% fuel efficiency
improvement can be achieved, by using REWHR and EPWHR systems. Compared with commonly
used single-speed transmissions, EVs equipped with CVTs, which provide opportunities of downsizing
the electric machine, battery pack and TMSs, demonstrate significant energy consumption reduction,
3-4%. Based on the research findings, a combined strategy containing both energy and thermal aspects,
in consideration of topology, technology, size and control optimization, is recommended to maximize
energy efficiency of electrified powertrains.
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