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Engine Torque Ripple Cancellation With an Integrated
Starter Alternator in a Hybrid Electric Vehicle:
Implementation and Control

Roy I. Davis Member, IEEEand Robert D. LorenZ-ellow, IEEE

Abstract—integrated starter alternators (SAs) provide greater SA control signal, and test results that illustrate the system per-
electrical generation capacity and the fuel economy and emissions formance.
benefits of hybrid electric automotive propulsion. The drive
usually comprises a field-oriented induction motor or vector-con-
trolled permanent-magnet motor coupled to the crankshaft of the Il. ICE MODEL

engine directly or by a belt. These drives have high-bandwidth An indirect iniection four-cviinder diesel endine was used
torque control and may be used for active cancellation of the Indi inject ur-cyl ! gine was u

significant ripple torque inherent in internal combustion engines.  for this research. Fig. 1 shows an overall diagram of the engine,
This paper presents an analytical model useful for the analysis of clutch, and vehicle model, assuming the four cylinder pressures
the combustion engine torque qnd describes a control system t_hat P1(6) — P4(0) and the starter alternator torqdés » as inputs,
uses observer-based high-fidelity torque feedforward and engine \yity the engine and vehicle motion states as outputs. Since
speed feedback to generate a disturbance input decoupling torque the rotor of the starter alternator is rigidly mounted to the
command for the SA to cancel the engine torque ripple. -

crankshaft flange, the combustion torqud;cg and Msa
additively produce the total shaft torquésgarr, and the SA
motion statesf{ and w) are the same as the engine motion
states. The clutch torqu@/crurcua provides the external
load to the shaft, including the vehicle load as transmitted
. INTRODUCTION through the spring and damper elements that act upon the

NTEGRATED starter alternators (SAs) provide greater elef€lative angular displacement and velocity across the clutch.

I trical generation capacity and improve the fuel economy afidiction also Io_ads the shaft, as doe§ the_ inertia of the S_A rotor
emissions of hybrid electric vehicles [1]. The integrated SA and the shaft itself. The combined inertia effects consist of a
coupled to the combustion engine either directly or by a belt. fiPnstant value and a crankangle-dependent value (more detail
addition to enabling the fuel economy and emissions improv@D the inertia effects is given below). The vehicle is simply
ments, the availability of the SA to perform other functions prd€presented by its equivalent inertis- and standard road
vides further benefit to the vehicle. One such function is actiy@ad forces (aerodynamic, grade, rolling resistance, and brake
crankshaft torque-ripple cancellation, in which the SA machirffag) reflected to the clutch output by means of a gear ratio
is controlled as a torque actuator to reduce or eliminate the “d&0t shown). The system illustrated in Fig. 1, combined with
content of the torque produced by the impulsive cylinder pred-model of the SA and control system, was used to create the
sures in the engine [2], [3]. This is sometimes referred to g§nulation results provided in this paper. _
“active flywheel,” although it does much more than a flywheel While shown in Fig. 1 simply as “kinematics” and four
could do. cylinder pressures, the workings of an internal combustion

This paper presents a “disturbance input decoupling” cont@fgine are very complex, from the gas dynamics of the cylinder
method using a highly accurate observer that combines fe&€farge to the complex physics of combustion. One objective
forward and feedback signals to synthesize the torque contph|this work was to create a novel simplified engine model
signal for the SA effectively to cancel the ripple torque of th@ith @ computationally efficient method for generating the
engine. The paper also describes a novel internal combustf§inbustion pressure pulses for each of the four cylinder pres-

engine (ICE) model, the ac torque observer used to create $yes- A simplified representation of the piston and crankshatft
kinematics converts the pressure pulses to indicated torque, and
a time-varying (or crankangle-varying) inertia expression is
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Fig. 1. Combined engine, clutch damper, and vehicle model.

Fig. 2. Geometry of slider crank mechanism.

radius of the crank[ is the length of the connecting rod,
is the linear displacement of the piston, aBds the cylinder
bore diameter. To begin with, the indicated torgliicg, as a
function of crankangle can be expressed as

Micr(0) = k1 [kz (1.0 + %COS(H)) — k3 (1.0 - %COS(H))}
1)
where

7 B?rsin(6)
k1 =

ko :Pl(H) + P3(6)
ks =P2(6) + Ps(6).

! 1 ald Oy
> Jv

Load

torque. The slider crank geometry gives rise to two effects: an
inertia value which is a function of the angleand a LaGrangian
term proportional to the partial derivative of the inertia and the
square of crankshaft speed [4]. These expressions are given in
(2) and (3), and are shown schematically in the block diagram of
Fig. 1. Depending on its relative contribution, a friction torque
term as shown in Fig. 1 can also be included if desired

4
J(0) =2mecr® + mgzczr — 2Mygecr? cos(26)
4
ml‘eC{r
Y cos(40) 2)
8J 9 : 2mrecr4 .
% =4Mpecr? sin(26) + 2 sin(46) ©)

wherem,.. is the total reciprocating mass of the piston and
connecting rod.

With an eye toward real-time implementation of this model as
an observer, as mentioned above, a simple but accurate method
is required to compute the impulsive cylinder pressures. The
torque ripple that is generated by the pressure pulses is consid-
ered here as a disturbance input. Thus, it is important to repre-
sent the pressures as accurately as possible without relying on
complicated derivations of gas dynamics and chemical thermo-
dynamics [5]—[8].

The combustion pressure waveform can be accurately
modeled by considering the underlying mechanisms at work in
the cylinder. That is, to obtain instantaneous cylinder pressure
we can add a motoring pressure due simply to the change in

It is important to include the crankangle-varying engine ireylinder volume as the crank rotates (without combustion) to an
ertia .J(6) to properly model the dynamics of the crankshafncremental pressure produced by combustion of the fuel. The
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Fig. 3. Simulation block diagram for final cylinder pressure model.

cylinder volume as a function of crankangle and the resultir
motoring pressure can be computed from

2

B (r-l—L—r ecos(f)—y\/L2—r2e sin2(9)>

=Ver -
(4)

V(o) =Vt
)

P(0)
V()

(Va+Ve)

P(6) yEony

whereV(6) is the cylinder dynamic volumé/. is the cylinder
clearance volumel/; is the cylinder displaced volume?(6)

is the motoring pressurd?(0) is the average value of the in-
take manifold pressure, andis the exponent representing the
isotropic expansion.

The motoring pressure waveform will differ only in ampli-
tude as a function of engine speed. By normalizing these wa
forms, a motoring prototype waveform,.,.(#) and a scaling
factor ¢; that is a function of speed can be found from ex-
perimental motoring data. The component of cylinder presst
due to combustion is very difficult to determine analytically. B
capturing cylinder pressure waveforms on a test engine in t
laboratory while the engine is firing at different loads or fu
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eling levels (FLVR), and subtracting the appropriately phased
motoring waveform for each cylinder, a series of incrementgly. 4. Simulated (-) and measured {) pressures (MPa) versus crankangle.
pressure waveforms due to the combustion of a known amount

of fuel is collected and analyzed. This analysis leads to a sim-

ilar firing prototype waveformAp(¢) and a scaling factoe,
that is a function of speed’ and fueling level FLVR. These
prototype waveforms and scaling factors are combined to co

pute individual cylinder pressure waveforms at any speed an§

any fueling level as

p(8, N, FLVR) = Dyero(8) @ c1(N)

+Ap(f) e ca(N, FLVR) + po(N). (6)

I1l. ENGINE TORQUE OBSERVERDESIGN

To implement the “disturbance input decoupling” control, a
asurement or estimate of the disturbance torque ripple is re-
quired. Itis impractical due to expense and other issues to install
a physical sensor for crankshaft torque, so an observer is de-
signed to compute a nonlagging estimate of the engine torque
ripple (or ac torque). The control strategy is to command the SA
to produce the inverse of this ripple torque which, when added

m

A block diagram showing this computation is given in Fig. 3o the crankshaft torque, will cause the ripple to be cancelled or
Fig. 4 shows very good matching of measured and simulatédcoupled from the net output. It is also important not to have

pressure waveforms using this model.

the SA producing any average (or “dc”) torque, so the observer
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Fig. 5. Extended observer topology for active vibration control.

is designed to capture an estimate of only the ac content of e be seen in Fig. 7, which is described in more detail below.
crankshaft torque. For the observer controller, the gaiks,, k,,, and k4, are

The engine model described above must be extended to determined as described below.
clude the contribution of the starter alternator torque. Using Because the feedforward portion of the observer is open loop,
this extended model as an observer, it is then possible to destion state feedback from the physical system is used in the
termine the appropriate ac torque to use as the “disturbarteserver to make it closed loop. This corrects for any inaccura-
input decoupling” control signal/,c. The observer topology cies in the feedforward estimate [9], [10] according to the band-
is shown in Fig. 5 in general terms, and in detail in Fig. 6. Theidth of the observer controller.
primary torque production process referred to in Fig. 5 is the in- Transfer function analysis is used here to tune the closed-loop
ternal combustion engine, while the secondary torque produsbserver, as has been done in previous work [11]. A simplified
tion process is the SA. It is vitally important with this techniqueersion of Fig. 6, using a linear approximation of the system and
to accurately represent the complete physical system in the olitten in the continuous time domain, yields estimation accu-
server and to include the effects of both physical processesa@y transfer functions for speed and torque estimates. These are
achieve a correct estimate. As seen in both Figs. 5 and 6, tteefollows:
SA torque comman(dMAc) provided to the physical system
must also be provided to the representation of the SA in the ob-
server. The determination of this signal is the primary result of Hest () _w(s)

this work. w(s)

A one-to-one correspondence exists between the general _ kaos® + kpos + kio 7
blocks labeled in Fig. 5 and the sections of the detailed diagram _(j ¥ kao)s? + (5 T hpo)s + ki (7)
shown in Fig. 6. In the observer, the quantities with a céret - PO
represent estimates. These estimates are derived from the model Hege_nr(s) :M(S) - Js+b
previously developed. Note that, in the laboratory, a water brake M(s) Js+b
was used to load the engine rather than a vehicle. Therefore, ) kaos® + kpos + kio ®)
the load model in the observer of Fig. 6 includes an estimate (J + kao)s? + (b+ kpo)s + kio

of the viscous load of the water brak?vaATER BRAKE). FOr

the secondary load model, the main purpose is to capture th@he fundamental frequency of the torque ripple is equal to
effect of the SA torque being applied in the physical systerangine revolutions per minute divided by 30. In this work, the
However, this path also has a key role to play in defining ttebserver controller was designed for engine speeds from a very
start of the frequency band over which the SA is active. In othkw idle of 500—2500 r/min, or 17-83 Hz. However, the torque
words, the parameté@c controls the start of the passband fohas significant higher order harmonic content to which the linear
the definition of the “ac” torque that the SA is commandedbserver controller will not be able to respond. This is why the
to produce to cancel the crankshatft ripple. The effect of thiecuracy of the feedforward element of the observer, based on
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Fig. 6. Extended crankshaft torque observer and AFW controller implementation block diagram.
M components. Therefore, for purposes of designing the observer
2 controller, the selected bandwidth is 10-100 Hz.
n Equations (7) and (8) are used to design the controller gains
i kios kpo, andk4,. Considering only the common portions of (7)
u and (8) which are affected by the gains, it is seen that a positive
d value ofky, has the effec} oj int[odgcing a zero and moving
e the open-loop pole from tb/.J to b/(J + kg, ). Reducing this
pole is undesirable, indicating thia, should be small or zero.
Moving on to the proportional term, it is seen that the transfer
10 function pole will move to
P
h bt o 9)
s J + kdo
f’ By settingk,, one can set the bandwidth of the observer to a
d larger value. For a desired bandwidth ff k,, can be deter-
e mined as
g
' bipo = 2mfe (J + kao ) — . (10)
10
Frequency, Hz Finally, the integral term can be determined to maintain the re-
sulting poles on the real axis for critical damping of the esti-
Fig. 7. Speed estimation accuracy frequency response function. mated torque and speed, resulting in
_ .y . o (bhipo)?
the combustion pressure estimation described above, is so im- kio < ———. (12)
portant. From a practical point of view, the torque-ripple can- 47

cellation is most necessary at low engine speeds, wherein th&he two estimation accuracy frequency-response functions
SA rotor inertia does not provide much passive flywheel actiare plotted in Figs. 7 and 8 with variation for the damping pa-
and where the resultant vibration is most perceptible and objeameterB and f. = 100 Hz andk4, = 0. Note that the inertia
tionable to the vehicle occupants and the downstream drivelivadue is assumed to vary little as it typically can be known fairly
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' , , _ A significant amount of testing was carried out over the speed
SR ' i range of idle (850 r/min) to 2000 r/min, under loaded and un-
f ? Ll loaded conditions. Typical results for the observer are given in
Figs. 12 and 13, and the active flywheel performance in Figs. 14
and 15. Thatis, Figs. 12 and 13 represent the case where the ob-
i i server output is not controlling the SA, while Figs. 14 and 15
05 AR - G - T represent the case where the observer output is used as a control
¥ . signal for the SA.
o . — : o) In Figs. 12-15, the cylinder pressures, indicated torque, and
net torque signals are plotted versus crankangle (in degrees) be-
45 T o cause they were acquired with a data acquisition system trig-
30} e B gered by one degree crankangle increments. The speed signals
e U EE P G ) are plotted versus time because they were acquired by the con-
: P i trol microprocessor. However, the speed signals are shown for
a time increment representing approximately the same duration
of data as the crankangle-plotted signals.
Figs. 12 and 13 show a sample of the very good tracking per-
: : : 5 i P formance of the observed cylinder pressures, indicated and net
o1 1 10 100 11 torque, and engine speed signals. For the 850-r/min case rep-
Frequency, Hz resented in Fig. 12, the observed engine speed is seen to track
virtually perfectly against the measured signal. Note that there is
Fig. 8. Torque estimation accuracy frequency response function. error on the measured 850-r/min speed signal every other pulse.
This is due to noise on the position feedback which occurs every
accuratelya priori. Given these conditions, the speed accura®ther crank revolution, thought to be due to variations in the air
is excellent up to the cutoff frequency, while the torque estimagap between the sensor head and its tone wheel target due to
suffers at low frequency. This will be seen to be inconsequentianparallelism of the tonewheel and the rear face of the engine
below, since the control transfer function is attenuated at Idslock. This noise becomes more evidentin Fig. 13 at 1500 r/min.
frequencies by design. Note that these plots represent “passive flywheel” conditions as
Once the observer controller has been designed, the trangéeas the SA is concerned, and the peak-to-peak variation in en-
function of interest for the torque control is that between thgine speed is about 160 r/min at 850 r/min (Fig. 12), while it is
indicated torqueV/;cr and the observer output/ s because about 80 r/min at 1500 r/min (Fig. 13).
this transfer function will indicate the nature of the torque signal Figs. 14 and 15 show a sample of the results achieved for
“extracted” by the observer to be used as a command for the Side active flywheel control using the starter alternator and the
This transfer function is given in (12), as shown at the bottodeveloped observer. Here the “net torque” signal is the same as
of the page, and the corresponding Bode plot is shown in Figtlee M, signal. Fig. 14 shows that the speed ripple is reduced
(with variation of bac shown). Fig. 9 clearly shows that theto 30 r/min peak-to-peak for the 850-r/min case, and to about
outputM ac is equal toMicg in the desired passband, approx40 r/min for the 1500-r/min case. These substantial reductions
imately 1-100 Hz, and attenuated elsewhere, particularly at @t speed ripple from the passive cases represented by Figs. 12
This produces the desired signal for decoupling the ac distand 13 are indicative of the effectiveness of the SA active torque
bance torque using active flywheel control since this torque,dbntrol.
accurately produced by the SA machine, will be subtracted fromBecause of natural attenuation of the output torque ripple by
the crankshaft torque resulting in the desired cancellation. the flywheel action of the SA rotor and clutch inertias, it was
found for this engine and test apparatus that there was no appre-
IV. ENGINE TEST STAND AND RESULTS ciable improvement in ripple reduction above 2000 r/min.

pa

QD-C‘“";’OQQZ

o w » g

AT I =P

The control system described above has been implemented on
atest stand consisting of a Ford 1.8-L turbocharged inter-cooled
four-cylinder indirect injection diesel engine with an indirect This paper has presented a simple method to actively control
field-oriented induction motor starter alternator directly coua starter alternator to decouple unwanted ac disturbance torque
pled to the crankshaft where the flywheel would normally rdrom internal combustion engines. The method is based on a
side. A water brake is provided as a load. The test apparaflexible and accurate dynamic model of an internal combustion
is shown schematically in Fig. 10. The field-oriented inductioangine that is valid over all speeds and loading conditions. The
motor control block diagram is shown in Fig. 11 [16], [L7]. model is extended to develop an observer capable of providing

V. CONCLUSIONS AND DISCUSSION

Mac(s) kaos2 + kpos + kio

Mice(s) gj—ig(js +b+1)+ %@c(kdoﬁ + kpos + kio) + kaos? + kpos + kio

12)
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Fig. 10. Schematic of the engine test stand with SA and instrumentation.

a very-high-fidelity wide-bandwidth estimate of the crankshafequired to implement this torque control system. Test results
ripple torque content that can be used as a disturbance inputwere provided, showing very good performance both for the ob-
coupling control signal for a crankshaft-mounted integrated Séerver and the active flywheel control system.

The observer contains a feedback controller operating on crankit must be noted that there are several practical limitations
shaft speed feedback derived from the position sensor usedriot explicitly resolved by this paper. For example, as imple-
the starter alternator control, such that no additional sensors arented, this active flywheel system draws a significant amount
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of power from the dc supply. This is primarily because the iractive damping because it is difficult to distinguish between un-
duction motor used in the experimental apparatus was desigmezhted ripple and desired engine speed variations. Such desired
as a relatively low power generate¢8 kW continuous) and not speed variations arise from the dynamic driving conditions of
as a high-power torque sour¢e 15 kW) as it was employed the vehicle, and are generally well below 10 Hz when the en-
for this project. Therefore, the machine was significantly ovegine is loaded.

driven, operating at fairly high losses, even though the averageA premise of this paper is that the practical issue of cost of the
output torque (hence, power) is zero. Secondly, only relativedyectric drive has been justified by the benefits of the hybridiza-
low-speed operating points were discussed. This is becausetibe of the powertrain. This, of course, is still a hotly debated
active flywheel only needs to be active at low engine speedsestion, even with the introduction of low-volume production
because the natural filtering due to the rotor inertia, acting akhybrid electric vehicles such as the Toyota Prius and Estima,
a passive flywheel, is sufficient at high speeds. However, it ike Honda Insight and Civic, and the forthcoming Ford Escape.
practical to operate at all times that the engine speed is bel@iven the availability of the electric drive tightly coupled to

a certain level; in other words, it handles low-frequency spedite crankshaft, the functions described in this paper are indeed
changes well because of the attenuation of the control signafedsible from the point of view of computation and sensing. In
low frequencies, as shown in Fig. 9. In fact, this “nonresponsivether words, no additional sensors or significant computational
ness” of the active flywheel to low-frequency engine speed varesources are required beyond those necessary for field-oriented
ations is a major advantage of the present system over traditiooahtrol of the machine.
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Measured Cyl. Pressures Engine Speed - Passive of classical control system design. However, it should be noted
6 : : : 950 ; that the use of active torque cancellation is not required, and is
' ! \ : undesirable, at high engine speeds because the natural flywheel
900 "h;.\' BN RGNl action of the SA machine is sufficient.
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