14SDG2021, 056, v2 (final): 'Global efficiency of power-split hybrid electric powertrain ’

Global efficiency of power-split hybrid electric powertrain

Antonella Castellano® and Marco Cammallerit

1 Department of Engineering, University of Palermo, Italy
{antonella.castellano,marco.cammalleri}@unipa.it

Abstract. The development of a proper energy management strategy in hybrid
eectric vehiclesis crucial to pursue the best bal ance between emissions reduction
and performance. In this respect, this paper addresses a straightforward method to
investigate the behaviour of the hybrid powertrain in steady-state operation in
terms of speeds and torques both of the thermal engine and the electric machines.
The procedure takes into account the conversion power losses in the internal
combustion engine and the dectric unit and the mechanica power losses
occurring in the power-split transmission. This enables the calculation of a set of
maps describing the global efficiency of the hybrid powertrain and the power
supplied or gathered by the batteries, which can be exploited in the
implementation of a proper control strategy. The proposed approach isbased on a
unified parametric model that enables a comprehensive analysis of any power-
split transmission.

Keywords: SDG13, Hybrid Electric Vehicles, Power-Split CVTs, Powertrain
global efficiency.

1 I ntroduction

The alarming aggravation of global warming has led world leaders to undertake a
common commitment by adopting the United Nations Framework Convention on
Climate Change (UNFCCC), whose main aim is to decrease the concentration of
greenhouse gases in the atmosphere. To accomplish the goals established in the Paris
Agreement (2015), relevant environmental policies have been adopted to take urgent
action on climate change, by promoting the uptake of zero- and low-emission vehicles,
i.e. electric and hybrid electric vehicles.

Among the Hybrid Electric Vehicles (HEV'S) architectures, the power-split layout is
the most promising one [1-4]. Like any other HEV, the power-split hybrid electric
powertrain relies on two different power sources for motion, which are an Internal
Combustion Engine (ICE) and an electric unit, which operates as a Continuously
Variable Unit (CVU) and consists of two electric machines, power converters and
batteries. The deployment of Planetary Gear sets (PGs) and Ordinary Gear sets (OGs),
properly arranged in a Power-Split Unit (PSU), enables the decoupling of the thermal
engine operation from the wheels speed. Furthermore, not only the ICE power can be
used for battery charging aswell asfor vehicle propulsion, but also the battery pack can
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supply traction power by cooperating with the ICE or operating in full electric
functioning mode.

Typically, low noise, fuel-saving and reduction of CO, emissions make the pure
electric mode ideal for urban driving, while the involvement of the Internal Combustion
Engine (ICE) is more suitable in extra-urban driving. Nonethel ess, the system operating
point for given vehicle speed and demanded torque should be the one that minimises
fuel consumption and optimises global efficiency, according to the current capability of
the battery pack of supplying or gathering electric energy. Therefore, proper Energy
Management Strategies (EM Ss) based on the battery State Of Charge (SOC) haveto be
implemented to reduce emissions while maintaining driving comfort and high
performance [5-7]. For this purpose, the power-split system has to be analysed under
various operating conditions.

In this paper, a unified parametric model for Power-Split Continuously Variable
Transmissions (PS-CVTs) is applied to perform a comprehensive evaluation of the
overal power losses occurring in the powertrain and provide some guidelines to
maximise the global efficiency. Any PS-CVT can be preliminarily analysed by the
dimensionless method proposed in [8-10], which was expanded and upgraded in [11]
and briefly summarised in Section 2. Thisleadsto the calculation of the PSU mechanical
power losses and of the subsequent real power flowing into the electric machines. Then,
the ICE and electric machines efficiency maps can be introduced to investigate the
powertrain behaviour for specific output speed and torque, by assuming proper
constraints on the power flowing from or to the battery pack (Section 3). In thisway, a
global efficiency map can be obtained for every vehicle speed in steady-state operation.
Therefore, it is possible to detect the best operating point of the whole system among
the feasible ones according to the power that batteries can supply or receive. As a case
study, the output-split transmission designed in [12] is analysed in Section 4.

2  Unified parametric model for PS-CVTs

According to the parametric model addressed in [8-11], any PSU can be modelled as a
black box with two Degrees Of Freedom (DOFs) and four external ports linked to the
ICE (shaft in), the wheels (out), and the two electric machines (i and 0), asit is shown
in Fig. 1a. The PSU can consist of any number of PGs and OGs, arranged in one or more
basic structure called Three-Port Mechanisms (TPMs). As Fig. 1b shows, each TPM
consists of aPG and up to three OGs, which connect the PG branches (R, S, C, indicated
by X, Y, Zinagenera way) and the PSU main shafts (in, out, i, o, ..., indicated by X, y,
2). This schematisation enables the utilization of some genera equations (not reported
here for brevity) based on basic functiona parameters, which can be derived from the
transmission constructive layout in an analysis phase [11] or properly selected during
the design [8,12].

The dimensionless approach outlined in this section is focused on analysis purpose
and is suitable even for addressing multi-PG and multi-mode PS-CVTs. All the
relationships describing the two-DOF system are normalised to ICE speed, torque and
power, so as to reduce the mathematical treatment to a one-DOF problem. For brevity,
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Fig. 1. Scheme of the power-split powertrain (a) and a generic TPM (b) with positive power
flows direction.

only the main, necessary equations are reported in the following. Further explanations
can be found in the previous papers [8-11]. It is worth noting that the model can be
swiftly rearranged to study also the full electric operation, asit is addressed in [11].

The whole model relies on some functional parameters that rule PSU speeds, torques
and power flows, as well as mechanical power losses. These functional parameters are
the nodal ratios and the corresponding speed ratios. The former, indicated as 7y, are
the overal transmission ratio 7 = w,,;/w;, achieved when a generic kth shaft is
motionless. The latter, indicated as 7;4,., are the jth speed ratio 7; = a)}-/wm calculated
for the kth nodal ratio. The procedurefor identifying these functional parameters starting
from the PSU constructive arrangement is described in [11] and relies on some simple
matrix operations performed on a constraints matrix whose rows encloses al the
kinematic constraints due to PGs and OGs.

One of the strengths of this model is the simplicity in the calculation of the
mechanical power losses occurring in the PSU, applicable to any PS-CV T, constructive
layout notwithstanding [10,11]. Once known the constructive ratio and the efficiency of
PGs and OGs and calculated the functional parameters, the mechanical power losses
occurring in the PSU can be computed as a function of the overall transmission ratio t
and the opposite of the power ratio n = —P,,:/Pi, (note that n is not the global
efficiency, but it considersthe possibility for batteriesto be charged or discharged). Fig.
2 shows the map of the total mechanical power losses p;, normalised to the ICE power
calculated by applying the procedure described in [10,11] to the transmission analysed
in Section 4.

Once computed the map of the PSU power losses, the real mechanical power flowing
through the shaft o can be calculated by the following equation:

_ To [ dp, , 0py TI) ]
Po = Po Tog: [pL + < Py + an (tyi — ) ¢

where;
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Fig. 2. Example of PSU mechanical power lossesp;,
as afraction of the ICE power.
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From Eq. (1) the real torque on the shaft o normalised to T}, can be obtained by dividing
it by Eq. (2). Analogous relationships are obtained for the shaft i by switching the
subscriptsi and o in Egs. (1), (2) and (3).

3 Global efficiency evaluation

The dimensionless approach summarised in Section 2 enables the comprehensive
analysis of the PSU response once freely assumed a speed ratio and a power or torque
ratio between any two external PSU shafts. Nonetheless, the overall speed ratio T and
the overall power ratio n were chosen asindependent variablesfor convenience. Indeed,
the output speed w,,,; is directly related to the vehicle speed and the output torque
supplied to the wheels results in acceleration, deceleration or steady-state operation. In
the latter case, P,,,; is dependent on the vehicle speed V,,.;, asfollows:

Py = —(mg sina + fymg cosa + 0.5 - C4ArpaVien) Vven 4)

P, isnegative because it is delivered by the PSU. In Eq. (4), m isthe vehicle mass, g
isthe gravitational acceleration, a istheroad dope expressed in radians, £, istherolling
resistance coefficient, c, isthe drag coefficient, Ay isthe vehicle frontal areaand p, is
the air density.

For each vehicle speed, the PSU can be analysed by imposing proper valuesfor T and
1. In other words, the rotational speed and the real mechanical power of the electric
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machines can be calculated once fixed the ICE functioning point in terms of w;, and
T;,- Since the aim of the study is to find the system operating point that maximises the
global efficiency, for fixed V., it isnecessary to exploreall thefeasible | CE functioning
points, which are represented in the ICE efficiency map (Fig. 3a). Thus, for each couple
of w;, and T;,, the calculation of P, isstraightforward, along with the identification of
the ICE efficiency n;¢g. Therefore, the power that hasto be provided by fuel combustion
is:

Pryer(@in, Tin) = Pin/MicE (5)
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Fig. 3. Typical ICE efficiency map (a) and Electric Machines efficiency map (b).

The rotational speed of the shafts i and o can be computed from Eqg. (2) by imposing
T = Vyer/ Runeer * Win), Where R0, isthe wheel radius. Similarly, the powers P, and
P; flowing through the shaftsi and o can be derived from Eq. (1) and thereal torques T,
and T; can be obtained by dividing them by w, and w;. Thus, the respective electric
powers P, .; and P; ., can be computed from the el ectric machines efficiency map, which
indicates the efficiency of the electric machines as a function of torque and rotational
speed (Fig. 3b). The net power flow that involves the battery pack is the sum of P, ,
and P, ;.
Pyace (Vveh' Din, Tin) = ﬁoPinnoSLgn(pO) + T_jipinrh son®) (6)

Pyqte IS positive if batteries provide electric power for vehicle propulsion, while it is
negative during battery charging. Therefore, in the former case P, iS an input power
provided to the powertrain, along with Py, . Instead, in the latter case Py, isan output
power, similarly to P,,,.. Hence, by defining the powertrain global efficiency n,, asthe
negative ratio between the total output power and the total input power, two definitions
are possible according to the direction of the battery power flow:
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The relationships presented in this section lead to a global efficiency map as afunction
of w;, and T, for a given vehicle speed. Thus, it is possible to identify the system
operating point that achieves the highest efficiency. Nonetheless, the best solution
should be selected only among the feasible ones, since the speed and the torque of ICE
and electric machines must be comprised between the respective minimum and
maximum values.

3.1 Battery State Of Charge

Even the battery power flow cannot exceed a maximum limit both in the charging and
discharging phase, according to the current SOC. However, the exact instantaneous SOC
isnot evaluated in this paper, but four general working conditions are outlined.

If it is supposed that the current SOC is the one that always allows the achievement
of the best operating condition, the battery can instantaneously receive or provide any
amount of power, so long as it is comprised between the viable constructive limits. In
Section 4 we refer to this condition as SOC = FREE and it must be:

Pmax_charge < Pbatt < Pmax_discharge (9)

The condition whereby the battery is completely charged and thus prevented from
receiving further power isindicated as SOC = 1 and impli€s P,y charge = 0. On the
contrary, if the battery isfully discharged (SOC = 0), it cannot supply power and hence
Prax_aischarge = 0. Lastly, the SOC can be maintained constant if Py,q¢ = 0.

4 Application

The procedure described in the previous sections can be applied to any PS-CVT. In this
section, the output-split transmission designed in [12] by the same parametric model is
analysed. Its design was aimed at minimising the size of the electric machines, by
assuming the vehicle parameters of Table 1, but any power losses were neglected. The
I CE can operate between 800 and 5800 rpm, as its efficiency map shows (Fig. 3a), and
has 80 kW maximum power. The e ectric machines have the same size and can deliver
up to 35 kW each. The maximum power flow that the battery pack can deliver or receive
is 70 kW. The efficiency map of Fig. 3b isused for both electric machines and both for
generating and motoring operation.
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Table 1. Vehicle parameters.

m [kg] a [rad] fr [-] cx [ A [ pg [kgim]
2200 0 0.0122 0.4 25 1.225

Firstly, the transmission is analysed by the dimensionless method of Section 2. The
constructive layout of the transmission, shown in Fig. 4, isderived from [12], asaso its
basic functional parameters, which are ty, = 0.218, Ty = Tou; = —©, Tjgo = 1.22.

Fig. 4. Transmission functional layout. The clutch C provides full electric operation if engaged.

The PG Willis’ ratio is ¥ = —0.4, whilethe OGsfixed ratiosare k;,, = w;,/wg = 0.82
and k., = Woyur/we = 0.25. The dimensionless mechanical power losses occurring in
the PSU are those shown in Fig. 2 evaluated by considering the OGs efficiency equal to
0.98 and the PG fixed-carrier efficiency equal to 0.96. We refer the reader to [10] and
[11] for more details. Once computed p,,, p, and p; are calculated by Eq. (1).

The procedure described in Section 3 is performed for a vehicle speed ranging from
0 to 200 km/h, thus for each V,,, a powertrain global efficiency map is obtained.
Correspondingly, each system operating point involves aunivocal P, ,;;. Therefore, the
selection of the best operating point can be performed among the viable functioning
points according to the SOC constraints addressed in Section 3.1. It isworth noting that
the efficiency of power converters and batteries is not considered here. However, it
would have affected the calculation of the only Py ;.

4.1 Resaultsand discussion

Fig. 5 shows the results of the simulation, in terms of the best global efficiency
achievable for given SOC constraint (Fig. 5a) and the P,,;, (Fig. 5b), ICE operating
point (Fig. 5¢) and ICE power (Fig. 5d).

The results show that the absence of instantaneous constraints on the SOC would
realise the most efficient power operations while the ICE is on. Thisis due to the fact
that electric machines can simultaneously operate both as motors or as generators, by
avoiding power recirculation in the electric unit (the trend of electric machines power is
not reported for brevity). Nonetheless, the global efficiency is lower than 0.3 up to 44
km/h, therefore it would be more convenient to turn off the engine and enable the full
electric driving if batteries are charged (SOC = 1). Otherwise, if the engine is on also
for the lowest speed, it should operate in its maximum efficiency region (Fig. 5c),
provided that it is possible to recharge the batteries. However, Fig. 5a suggests that the
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Fig. 5. Simulation results.

battery recharging is more convenient between 65 and 130 km/h because the global
efficiency would be dightly higher than the one achievable for lower speeds.

For a medium-high vehicle speed (from 45 km/h), Fig. 5b and Fig. 5d show that
the most efficient functioning condition is keeping the ICE at its minimum power and
exploit battery power for traction. However, in a real-time optimisation strategy, the
battery power flow should be adjusted according to the actual SOC and predicted path,
in order to have sufficient range. Therefore, up to 105 km/h, it would be advisable to
discharge batteries or recharging them only if SOC = 0, but imposing SOC = COST
should always be avoided since power recirculation in the electric unit cannot be
prevented. Instead, pursuing the most efficient powertrain operations for speeds higher
than 105 km/h could result in a very limited range during cruising. Thus, it could be
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even more advisable to maintain constant SOC from 105 to 135 km/h or increase the
ICE power and recharge the battery, while battery charging over 135 km/h should be
avoided.

Starting from 165 km/h, the optimal demanded power is higher than Pp,qx gischarge:
thereforethe | CE hasto increaseits power and thusitslosses, which lower the maximum
global efficiency. Moreover, since the | CE maximum power is 80 kW the vehicle speed
cannot exceed 165 km/h if the batteries are fully discharged (SOC = 0) or if a constant
SOC isdesired.

5 Conclusions

This paper presented a non-iterative approach to provide valuable data that can be
exploited for the implementation of a proper EMS, by evaluating the response of a
power-split hybrid powertrain in steady-state driving.

The addressed procedure is based on a parametric model that is extremely general
and thus suitable for analysing any PS-CVT. It enabled the calculation of a set of maps
for every vehicle speed, which includes the feasible operating points of each power
source and the trend of the overall powertrain efficiency, as well as the battery power
flow. Hence, a real-time control strategy could rely on these results that can be
preliminarily computed for reducing the computational burden.

Even though the main goal of this paper was not providing an EMS, the results of the
proposed case study suggested that the battery SOC should be maintained always
between its minimum and maximum values. In thisway, power recirculationinthe CVU
could be prevented and the overall global efficiency could be maximised. Moreover, in
contrast to many rule-based strategies [6,13)], it is not always advisable to let the ICE
work within its maximum efficiency region if the final aim is minimising the power
losses of the whole powertrain, similarly to [14].

It should be noted that the procedure here implemented for a vehicle in specified
steady-state operation (i.e., for fixed on-board load and road slope) could be swiftly
replicate for any other vehicle under different conditions, by simply considering
different vehicle parameters and transmission, as well as propul sors efficiency maps.

Future works might extend this research in order to investigate the powertrain
behaviour in dynamic operation, by taking into consideration the inertia of vehicle and
propulsors to eval uate the maximum accel eration avail able or embed areal -time control
strategy by taking into account the instantaneous battery SOC.
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