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Abstract—Designing a hybrid drivetrain is a complex task, Toyota Prius. The models in ADVISOR describing the EMS,
due to the unknown sensitivity of vehicle performance to sys- and the characteristics of the hybrid drivetrains are developed
tem components specifications, the interaction between systemsyacad on test data provided by the National Renewable

components, and the ability to operate the system components at .
different set points at any time. Therefore, many researchers [1- Energy Laboratory (NREL), and Argonne National Laboratory

6] have made efforts formulating, and developing holistic hybrid (ANL) [9], [10]. The EMS plays an important role in an
drivetrain analysis, design, and optimization models including effective usage of the drivetrain components. A commonly
the top-level vehicle system control. However, an integral design ysed technique for determining the globally optimal EMS is
approach [6] is usually characterized by large computation times, DP [7], [8]. The contribution of this paper is that

complex design problem formulations, multiple subsystem simu- P . '

lations, analyses, and non-smooth, or non-continuous models. In * DP will be used to determine the EMS, whereby the
this paper, the influence of the component efficiencies, whereby sub-optimal strategy as is implemented in ADVISOR is
the engine operation strategy (engine-, or system optimal opera- significantly improved;

tion) on the fuel economy, and the Energy Management Strategdy  , The influence of component efficiencies, whereby the

(EMS) is investigated. Thereby, a relative simple Rule-Based (RB) . . . .
EMS [11] is used, and is compared with the strategy based on engine operation strategy (engine -, or system optimal

Dynamic Programming (DP). The series-parallel transmission of operation), on the fuel economy, and the EMS will be
the Toyota Prius has been used as a case study. The component investigated.

modeling, and simulation results from the RB EMS, and DP are « A new, and simple Rule-Based EMS will be used (as
compared with results from the simulation platform ADVISOR. is discussed in [11]), and with using the characteristic

Finally, it is shown, that modeling the component efficiencies b . - L
only ;’ few characteristic paramgeters, andpusing the RB EMS),/ parameters describing the component efficiencies it will

the fuel consumption can be calculated very quickly, and with be shown that the fuel economy, and EMS can be
sufficient accuracy. In future work, the influence of topology calculated very quickly, and with sufficient accuracy.
choice on the fuel economy, and the EMS will also be investigated. The hybrid drivetrain modeling, and simulation approach is
discussed in Section Il. Thereby, the power-based functions
|. INTRODUCTION describing the component efficiencies are discussed. The con-
. . . . . _trol strategies in order to investigate the component efficiencies
In this paper component modeling for simulation will be

investigated. Thereby, the main research question is: 1s2ft the fuel economy is discussed in Section V. The engine -,

possible withsufficientaccuracy to describe the componen-{r"’msmISSIOn (T), and Secondary power source (S) modeling

oo o : are discussed in the Sections Ill, and IV respectively. The
efficiencies by a limited set of parameters using power-basé : X . . .
. o : o - .. .. simulation results are discussed in Section VI. Finally, the
functions? Thereby, it is defined, that it is sufficient if it is . ) ; .
. ! . conclusions, and outlook are discussed in Section VI-B.
possible for a certain passenger car:

i To calculate the fuel consumption on a drive cycle with !l. SYSTEM MODELING, AND SIMULATION APPROACH
a certain accuracy; A classification overview of different example transmissions
i To develop an Energy Management Strategy (EMS). for hybrid drivetrain topologies is shown in the Fig. 1. In
This will be demonstrated by using a series-parallel type #fe Fig. 1 also the black box model describing S, and T is
hybrid drivetrain, which will be analyzed, and validated byghown. For the series -, and the series-parallel transmission

simulation. the advantage is that S (battery, power electronics, and electric
o ] machine) is integrated with T. For the parallel transmission
A. Contribution, and outline of paper S is connected at the engine-side of T. The variator of the

The modeling, and simulation results will be compared witberies -, and the parallel transmission consists respectively of
results from the simulation platform ADVISOR [2] for thetwo electric machines, and a push-belt Continuously Variable



Transmission (CVT). One of the major advantages of threpresented by a required enerfly. The efficiencies of the
fuel combustion in the engine, or Primary power source (P),
the storage and electric motor S, and the Transmission (T)

are described by the variableg>, ng, and nr respectively.
The transmission speed ratio is represented by the variable
r. In this paper static power-based models as discussed in

(c)
TNO Hybrid Carlab (2002) Series Black box

| -
. T . .
== o J_z_d_oO_ k- n
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= Fig. 2. Black-box free-body model for a hybrid drivetrain.
) (h) 0]
Toyota Prius (1998) Series-Parallel Black box[12] describing the efficiency of the components are used. The

advantages are, that it incorporates hardly any dynamics, and is
therefore efficient in use. The only dynamic equation, which is
AN integrator, holds for the energy storage system. If an affine

series transmission is the Infinitely Variable Transmissi lationshio i d. then the input functi
(IVT) ratio. Thereby, it is possible to operate the enginé,ealons Ip Is assumed, then the input powas a function

and the generator intermediate, but continuously at its highgétthe angular speed, given the output power, becomes,
efficiency point(s). However, at higher requested vehicle loads, P = ¢(wo|Py) = ¢1(wo|Py) - Py + co(wo| Py) Q)

the transmission losses of the electrical variator are typically . L .

larger than compared to a mechanical variator. The CVT los th the inverse efficiency, the fixed power losseg, and

in the parallel transmission are lower at higher vehicle loa e reciprocal of the inner efficienay . Both coefficients are

but usually due to the overdrive constraint not all optim ependent on pperation poin.t. The transmission technologies,
operating points of the engine can be reached reducing er electronics, and electric machines are approximated by

overall vehicle performance. The series-parallel transmissiBhS first order function, while the battery, and the engine are
combines the electrical -, and mechanical paths with i@proxmated by a second order function in order to capture

advantages, which consists of a planetary gear set combir]_i 9 high powe_r-loss effects. Smcef Fhe static losses play an
with two electric machines, which form the variator part of fmportant role in the component efficiency, another advantage

The advantages of a series-parallel transmission, compare{?ftm's degcrlptlcl)lr1 is, that it is possible tq determine _thesg star?c
a series transmission are: osses quite well. In contrary to measuring -, or estimating the

efficiency on-line, because for low powers approaching zero,

« The transmission efficiency is higher, because most of tm-:-e efficiency which is the ratio of the output -, and input
power is transmitted over the mechanical branch; power is difficult to determine

o An electrical variator with a lower maximum power
throughput can be used. [1l. ENGINE MODELING

However, a disadvantage is the possible occurrence of reThe energy specific fuel consumptighis a function of

circulation of power flow thereby reducing the transmissioap,., andTp, as is shown in Fig. 3(a) for the Toyota Prius

efficiency. The operation of the variator, and the influence ¢1998). If Pp, is specifiedP; = ¢p(wp,|Pp,) becomes a

the battery power on the power flows, and the overall efficienfiynction ofwp, alone, i.e.,

will be discussed in more detail in Section Il (
wP,o

Fig. 1. Different hybrid technologies, and topologies.

. . X Pf = ﬁ (wP,O,TP,o) PP,ohlv = 6
A. Simulation model, and power-based component modeling

The vehicle simulation model with the torque -, and thehe variablehh, represents the IOV\_/er heating value for fuel.
angular speed definitions are shown in Fig. 2. The fuel pow&f® Engine O_pt|maI_Ope_rat|ol1 Line (EPOL) conneits the
P; request to the engine is calculated backwards starting at fRimal operation points, i.ewp,, andTp, = Ppo/wp,
vehicle wheels. The power distribution between the differefi!filling the condition of minimum fuel power,
energy sources, i.e., fuel tank with stored enefgy S with Pp.) =0 3)
stored energy,, and the vehicle driving over a drive cycle Owp., Pro) =

Pp,
b )PP,ohl'u (2)
w

P,o

¢P (WP,O



Static efficiency map EM2 (Max. power 15 kW) Static efficiency map EM1 (Max. power 30 kW)

For the 1.5 | SI VVTi engine the EOOL almost coincides «
with the Wide-Open Throttle (WOT) torque line. In the =
Fig. 3(a) also the operation lines are shown for higher fuek «
consumptions in percentage of the values at the EOOL. Th“Zem %
above equation is solved numerically, and in additigy, for T
each givenPp, gives solutions in the form of the function

curve Py = ¢p(wp ,|Pp,o) as is shown in the Fig. 3(b). o 10 200

0 100 200 300 400 500 600
w__ [rad/s] w__ [rad/s]
em2 em1

300 400 500

(a) 15 kw, AC PM syn. motor (b) 30 kw, AC PM syn. motor
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(a) Toyota, 1.5 | VVTi (b) Py = ¢p(wp,|PP,o) 2 P |
(c) Free-Body Model ofld) Pi = ¢gmi(Poolwvo), and

Fig. 3. Static-efficiency map in energy specific fuel consumptigtk\V i) gliig:g variator with batteny; = ¢ g2 (P2lwvi)
of the Toyota, 1.5 | VVTi &3 [kWW]@4000 [rpm]), and the fuel input power Y
as a function of the mechanical output power.

Fig. 4. Static efficiency maps of the electric machines of the Toyota Prius.
The bold curves in (a), and (b) are the maximum torque as a function of
IV. TRANSMISSION, AND SECONDARY POWER SOURCE  speed.

MODELING
TABLE |

A. Electric variator efficiency AVERAGE FIT COEFFICIENTS

In the Fig. 4(a), and (b), the static efficiency mapsf

X . Tz =1 1 s z i
the generatorZM/2, and the motorEM1 including the Powzrékw] gﬁ; 01f.1[o] 6059[‘7/[/] = g/g}
inverter/controller efficiencies of the electric variator of the 15 EM> 1.17 249 4.2
Prius (1998) are shown. In Fig_ 4(d), all the input powers given T average absolute error with a 99% confidence interval.

the angular speeds as a function of the output powers of the
electric machines are plotted. If a linear line is fitted through

the data, the input power dfM 1, and EM2 becomes, battery charging power for a certain output power, tfgn
has to be increased as well. B,; is calculated for different

Pl = (beml (WUO‘PU()) ~ ¢€TTL1(P’U0) =Cy1 - Puo + Co1, (4) on € {0, 30} [kW], and Pbat € {—30, 10} [kW], then it is
Pui = dem2(Wyi| P2) = Gema(Py) = 12 - Py +Gop.  (5) Possible to fit the following linear function through these data,

given the battery output powe®,,; = 0 (see also Fig. 4(c)). Poi = ¢u(Poo| Poat) = €1 (Pat) - Poo + €0(Poat).  (7)

Accordingly, the variator efficiency, is, This is shown in Fig. 5(b). The dependency of the reciprocal

Pyo 1 1 Co2 1 of the average internal efficiengy, and the static losses
T = Py uciz  \én 1 G Py (6) as a function ofP,,; are plotted in the figures 5(c), and (d)
respectively. In Fig. 5(c) it can be seen tlzatis minimized
aroundP,,; =~ [—10, —5] [kW].

It can be seen with Eq. (6), that for

=0.77. B. Battery efficiency

The battery output power is the difference betwdgnand
e battery losse® ;.55 (See Fig. 4(c)),

Py;i—oc0 511512

If Py,¢ # 0, thenP; changes, and therefore also its efficienc¥h

This is shown in the Fig. 5. In Fig. 5(ay% is plotted as

a function of T,,; for different fixedw,;. Note thatP. as a Pyt = Ps— Ps j0ss = Voc(S0C, Pyat, 7)- I —1?-R;(SoC,T),

function of T,; given a certainv,,; is well approximated by (8)

a linear, or quadratic function, while the contour efficiencwith the open circuit voltagd/,. , the currentl, and the

map of Fig. 4(a) shows a strong non-linear dependency brernal battery resistandg;, both are dependent on State-of-

torque, and speed. If th&, is increased by increasing theCharge (SoC) of the battery. The battery operation temperature

is represented by the variabte Since, the absolute internal

INote that only the first quadrant is measured by UQM Technologie§torage capacity of the battery is very high, and the SoC

The power losses are mirrored to the other quadrants in order to Cﬁl- . h ithi band. f . lici he b

culate the efficiencies, which results ingar(wpar, —Teae) — 2 —  nuctuation is within a narrow band, for simplicity, the battery

1/nem(wen, Temz) efficiency n,,; has assumed to be independent on the SoC



EMT Generator (Prius) Ni-MH Battery module (6 cells) @ 25 Deg.Celsius Ni-MH Battery module (6 cells) @ 25 Deg.Celsius
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Fig. 5. Influence of battery power on electric variator efficiency Fig. 6. Static efficiency maps for charging, and discharging of a Ni-MH
Battery Pack consisting of 40 modules wiR8V/,;.. bus voltage

level, andr. Furthermore, the charge, and discharge currents ) ]

are assumed to be low enough so that the charge cap@gity 1) Loss-free anaIyS|sG'ener§1IIy, for power-split CVT; the
change (Peukert effects) is nihil. The charging, or coulombﬁPeed -, and torq'ue relations in the loss-free case as is shown
efficiency due to irreversible parasitic reactions in the battefy [13] can be written as,

has been taken into account by using an estimate of the [ ., a ¢ Wi Wi

average coulomb efficiency. = 90.5%. Self-discharge, or W } = [ b od } : { W } =M- [ Yoo ] . (11)

parasitic current is not separately considered, but these losses

are assumed to be modeledfy The SoC is calculated with, { ?T’i } — _MT. { ;m ] ) (12)
T,o vo

SoC(t) = Q(t)/Qo, With Q(t) = 7. - I(2). ©) The variator -, and transmission speed ratio are respectively
In Fig. 6(a), R; as a function of the SoC for charging, andlefined as,

discharging for the spiral wound Ni-MH battery module used Woo T,  (dr+c)

in the Prius is shown. In Fig. 6(b)/,. as a function of the =S T rta) (13)
SoC is showh The static efficiency maps for charging, and

discharging as a function of the SoC are shown in the figures R L Tr, _ _ (ary —¢) (14)
6(c), and (d). It can be seen that the influence of the SoC w; Tt (bry —d)’

within an usual operation window @f.3 — 0.8 is very small.

. ' resulting from the equilibrium of power at the input, and output
The battery power is well approximated by

shafts of the variator, and the transmission respectively. The

Prat = Bpat(SoC|Py) = ¢2(SoC|P,) - P2+ variator power ratiol can be written as,
maxcy (SoC|Ps) - Py, cf (SoC|Ps) - Ps) + co(SoC), P, 1, dr Zrg
(10) \I}:P :7.d7:1_ ., (15)
: _ N : , ri T dry (z—1)
with 0 < ¢; <1, and¢] > 1 for storage devices with losses )
[12]. with the matrix elementst = 1—z2,b=2z2-r4,c=0,d = rg.
The variables: andr; represent the planetary gear -, and final

C. Transmission efficiency drive ratio.

The power-split CVT for the Prius consists of one planetary 2) Simplified loss model:At a certain ry,,, the wpis
gear set, and an electric variator (see Fig. 1(h)). The engin€R@nges sign causing a mode switch between generator, and
connected to the carrier, the generafab/2 is connected to Motor function, because to much torque is transmitted over
the sun gear, and the annulus is connected to the output sHafft @nnulus to the vehicle wheels. Then, #i@/1 switches
of T, and the motoE M 1. between motor, and generator function. In addition, with Eq.
(13), and with Eq. (15) it can be seen thaf and¥ atr = rg,

2The battery was measured by NREL in the Battery Thermal Managemdy@come,
Lab., and the tests were performed&¢ C' following the Hybrid Pulse Power li -+ i} —
Characterization (HPPC) procedure. N%n” 00, ¥(rgn) =0



Then all input power flows over the mechanical branch #®. Simulation approach
the vehicle wheels. Ther is maximum. Using Eq. (15),,

The nr is determined bylp,, and wp,. However, the
becomes, ’

(= 1) requiredI’p,, andwp,, are determined byr, and the required
Tgn = . (16) P,. Due to this causality conflict it is impossible to determine
Z:Td the T} ,, andw}, (pre-scribed by the EOOL, or the SOOL)
If » > rg,, thenr, < 0 causing that alsal < 0. The nr  exactly. In this study the losses in T, and S are estimated, and
is reduced due to negative power circulation. Treduring are compensated in the following procedure:
positive P,; > 0, and negative power flow’,; < 0 through 1) Given the requested®,, T%,, w), are determined
the variator becomes, without any drivetrain losses at t = 0. Using these values
o = { (1ps(1 — ©) + 1, - U) -y, Poi >0, the modifiedn can be calculated;

(Mps(1 47y - ) = W) -4, Py <0, a7 2) The difference betweeRy, , times the modified)r, and

P, is used to calculate the modifieép, at the initial
iteration step;

The modifiedPp , is used to calculate the modifidd, ,,
andwp, , using the EOOL, or the SOOL. The modified
nr is calculated by using the modifi€tl; ,, andwy ,

V. DRIVETRAIN CONTROL STRATEGIES at the next iteration step; _ ,

4) Steps 2 and 3 are repeated until the power difference
between the iteration steps at a certain time step becomes
very small;

At later time steps the requirellp, can be calculated
using the known values for the efficiencies at the pre-
vious step. Thereto, the requested is divided by the
computednr.

with the variables),, 7, andnq representing the efficiency

of the planetary gear set, the electric variator, and the finaI3)
drive with differential. Note that in case @f < 0, the absolute
value for¥ has to be used in Eq. (17).

The operation points in the static-efficiency map of an
engine, which maximizes the system efficiency are collected
by the System Optimal Operation Line (SOOL) for a given 5)
engine power levePp,. The optimal engine torquéy, ,, and
speedwy, , for a certainPp, is pre-scribed in the following
research steps by the

1) EOOL incorporating)p alone;

2) SOOL incorporating all efficiencies. VI. SIMULATION RESULTS
The EOOL, and the SOOL are numerically pre-computed fér. Model
all admissible P, SoC, Tv,;, and wy; combinations, with  The yehicle parameters are summarized in the table 1. The
using the operation points pre-scribed by the lines as are Sh?ﬁfﬂbanese drive cycle JP10-15, which is used for comparison,

in*the Fig. 3, and are stored in a look-up tables. Then, usifgyires the engine to be warmed-up before the test cycle is
Tp,, andwp, , pre-scribed by the EOOL, or the SOOL, thyn  Furthermore, for simplicity, the inertias of the motor,

optimal s is calculated by using DP given the drive cyclegenerator, and engine are assumed to be zero. Also, the
and the vehicle parameters. auxiliary loads are neglected.

A. The Energy Management Optimization Problem TABLE Il

The optimization problem is finding the optimal control RELEVANT VEHICLE PARAMETERS
power flow P (t) given a certain power demand at the wheels

. . . . L Parameter Value  Unit
P,, while the cumulative fuel consumptial/s is minimized Vass | 1368 [hg]
subjected to several constraints, i.e., Air drag coefficient 029 [-]
. Frontal area 1.746  [m?]
J(Es, Ps) = min fof my(Es, Py)dt, Roll resistance coefficient 0.9  [%)]
Py ' (18) Max. Reg. brake fraction| 0.5 [-]

s.t.th=0,§<0.

where 7y is the fuel rate in[g/s]. The main constraints

) ) B. Results, and Conclusions
are energy conservation balance Bf over the drive cycle,

constraints on the poweP,, and the energy,. In Table 1l the fuel economy results are shown. Note that
the measured fuel economy on the JP10-15 of the Toyota Prius
hi = AEg(ty) = Es(ty) — Es(0) =0, (19) (1998) is3.48 [L/100km]. For comparing the fuel economy
912 := Py min < Pu(t) < Psmaz, (20) results of ADVISOR the “Zero-Delta SoC correction” routine
93,4 7= By min < By(t) < By maas 1) was used, which adjusts the initial SoC until the simulation

run yields a zero change in a SoC +/- 0.5% tolerance band.
with the relative energy chang&FE(tf). Using DP the 1) Test 1, and 2:The DP results show that the difference
finite horizon optimization problem is translated into a finitbetween EOOL, and SOOL for the JP10-15 is small. Ana-
computation problem. Note that in principle the techniqulgzing the results from DP, it was found, that the vehicle is
results in an optimal solution for the EMS, but that the grigropelled up to a certain vehicle drive powBy only by the
step size also influences the accuracy of the result. motor EM1. During braking energy is partially recuperated



TABLE Il

up to the maximum generative power limitation 8f\/1, and
FUEL ECONOMY RESULTS

some of the energy is dissipated in the wheel brake discs.

During these modes, also defined as the Motor only (M), Fuel economy|Z/100km]
and Brake Energy Recuperation (BER) modes, the engine is TfSt Dstéfgggl_y 205'12/ H'ngSVaY Cozf‘“g:l”Ed
off, ar_1d has_no idle_ -, or drag losses. Additionql chargingf > DP/SOOL 256 310 o84
and discharging during propulsion, when the engine status is 3.  ADVISOR  2.33 4.27 3.34
on, defined as the Charging (CH) -, and the Motor-Assist 4. ADVISOR®  2.82 3.12 2.98

. RB/EOOL 2.83 2.97 2.90
*Optimized strategy by changing the control parameters.

(MA) mode, is performed in order to further improve the
overall efficiency. Furthermore, the optimal EMS is focussed
on charging during driving mainly wit’ A2 in the low speed 04

areas € 41 [km/h]), and mainly with EM1 in the high | - oPs0oL

speed areas. In the Fig. 7(a), and (b) the relative enérgy oosf|_+_re-eoo
over time, and the energy distribution between different hybric% °
modes for the different strategies are shown. <

[ ADVISOR

2) Test 3, and 4Within the implemented sub-optimal strat- I A0VOR
egy of ADVISOR, it was found, that the control parameters: ... L Jne-coo,

100 200 300 400 500 600 700 BER M CH MA
Hybrid mode

(i) ‘the vehicle speed threshold,,;, = 12.5 [m/s] below Tmet
which the vehicle is only propelled by the motétM 1, and (a) Relative energyAE; over time (b) Energy distribution between the
(i) ‘the engine power thresholdPp,,;, = 6 [EW] below hybrid modes

the engine is allowed to shut-off mainly determine the EMS,

and the fuel economy. Using the results from DP, it show{ﬁgérg)‘, o
that the optimal control parameters arg,,, = 20 [m/s], and

P} ppin = 4.5 [kW]. Test 3 showed, that in the high speed
areas the engine was not allowed to shut off at relative low REFERENCES
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