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Abstract

To initiate its combustion cycles, internal combustion engines require a minimum rotational speed that can
be given from several sources (muscular, electrical, pneumatic, among others). Advantages of initiating an ICE
with an AC electrical machine is that it can integrate starter motor and generator in one device, provide a linear
ramp of acceleration when starting, and assist the ICE in torque production. This article illustrates
considerations for the design of a starting system with an AC electrical machine. Initially, criteria of torque,
rotational speed and power requirements are analysed, considering resistances of compression, friction, and
inertia of the slider-crank mechanism, as well as accessories, with a preliminary experimental validation. Also,
types of three-phase AC electrical machines are put to comparison, as well as their associated electronic
components needed for driving them in each case, concluding that AC induction machines require a complex
4-quadrant inverter. PM synchronous machines require a simpler inverter, but with highly specified power
electronics components. The classical wound rotor machine requires the simplest inverter, with unidirectional
power flow, less power transfer losses and less critical power electronics components. Finally, considerations
for using of a battery assisted with supercapacitor as complementary DC power source are made.

Keywords: internal combustion engine, starter motor, AC machine, torque requirements, ISG, supercapacitor.

List of Symbols/Acronyms

ICE — Internal Combustion engine;
AC — Alternating Current;

DC - Direct Current;

TDC — Top Dead Centre;

BDC - Bottom Dead Centre;

ISG — Integrated Starter Generator;
ESR - Equivalent Series Resistance;
SRM - Switched Reluctance Machine.
PM — Permanent magnet

1. INTRODUCTION

The ICE requires for its normal operation a
crankshaft’s rotational speed that allows the
continuity of its combustion cycles. As the ICE by
its principle of operation has no starting torque, an
initial turning of the crankshaft is needed to achieve
a minimum rotational speed of the ICE, beginning
from its standstill condition. An additional challenge
appears at cold starting where the engine’s
crankshaft resists more to be turned [1].

Along with the development of the ICE,
muscular, cartridge, electric, pneumatic starting
systems have been implemented. The muscular ones
are present in variants of a cord wound into a spool,
an elbow-like bent bar (crank) or a pedal. A

disadvantage of the muscular methods consists on
the risk of injury when moving the mechanism.

Among the variants of pneumatic starting
systems, an independent pneumatic motor can be
coupled to the ICE, or as second option, by means of
distribution valves, an injection of compressed air is
performed directly to the cylinders of the ICE,
having in account the timing and position of every
cylinder, making injections after TDC [2].

With the electric starting, an electrical machine
provides a transient torque to the ICE to accelerate
it, using an electric circuit, usually of direct starting
kind (DC power source-DC electric motor-Switch),
as shown in Dziubinski et al [3].

The present work shows considerations about
starting an ICE by means of an AC machine, an
electronic DC to AC inverter and a DC supply.

It’s advantageous to use an AC electrical
machine as it can integrate generator and starter
motor in one device (ISG), also it could boost the
torque output of the ICE at some regimes, which
could lead to a reduction of the displacement of the
ICE, a tendency for production of engines shown by
Gheorghiu [46] that aims to reduce contaminant
emissions. For the case of the electrical generation,
one of the usual accessories coupled to the ICE is the
alternator, which is a synchronous three-phase
electrical machine, whose electrical scheme is
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shown in works like the ones of Bogariz [4] and
Neacsu [13].

In the next paragraph of this work, the ICE is

seen as the load to be driven by the electric machine,
irrespective of its DC or AC type. Then, based on
existent literature, requirements of starting torque
and target angular rotational speed are shown, in
order to attain in more detail the resistant torque
terms from compression, inertia, friction, and
accessories of the ICE.
To validate the calculations, a DC motor (3), a torque
sensor (2) and an ICE (3), shown in figure 1, are
connected, so the engine is motored to obtain actual
values of starting torque.

Fig. 1. Test bench

Once minimum values of starting torque and
rotational speed are determined, the next paragraph
will present a discussion of the type of AC machine
with their associated electronic driver systems,
considering that the electronic driver must be both a
DC to AC inverter that provides alternating current
to cause rotation of the electrical machine’s axle and
an AC to DC rectifier with regulation of the output
back to to the battery and electrical accessories once
the electrical machine becomes a generator and the
ICE the propeller. After that, in the final paragraph,
considerations of using supercapacitor and a battery
as complementary DC power sources are made.

2. REQUIRED POWER AND TORQUE TO
JUMPSTART AN ICE

The mechanical power Py of a rotating motor is
the product of the torque M at its shaft and its angular
speed w. From the work of Romero et al [5], the
power needed for a DC starter motor is:

k
PSC = (54 + 365VmCl’)U0'53nstm1'35 n7 (1)

Where: Ve = i § D4 is the displacement of
the ICE, with i cylinders, S the piston stroke and D
its diameter. v is the kinematic viscosity of the
lubricant, nsm the minimum rotational speed that
must be achieved so the ICE starts its self-sustained
operation, k is the service factor and # is the
mechanical efficiency of the transmission between
the starter motor and the ICE.

In the document of Robert Bosch [6] about
starting systems, a selection chart is presented with
certain references of starter motors, as a function of
the displacement of the ICE, both for spark-ignition
and compression engines. However, the application

of the document is for DC starter motors,
temporarily coupled to a reducing transmission
bendix pinion-flywheel. The transmission ratio
between those gears is typically between 9:1 to 11:1
[7, 8, 10, 11], for series-wound DC motors, or up to
90:1 for permanent-magnet stator DC motor and
integrated planetary reduction gear [9].

From Eide [2] it can be stablished that the starting
torque needed by unitary displacement volume is
also a function of the number of cylinders, with
special cases for a reduced number of cylinders. In
Table 1, values of starting torque per litre of
displacement as a function of the number of
cylinders are presented. Note that the values of Table
1 are related to the torque at the output shaft of a DC
series-wound motor, coupled with a bendix-flywheel
reduction to the ICE. Those values are explained
because, the more the cylinders, the less the non-
regularity of output torque of the ICE, per Kett [12].

Table 1. Starting torque per litre of displacement as a
function of the number of cylinders. After Denton [11]

i (cylinders) Mumst / Vinci [N'm /1]
2 12,5
4 8,0
6 6,5
8 6,0
12 55

Also, there is information on Robert Bosch [6]
and Neacsu [13] about the minimum flywheel
cranking speed nem, Which ranges between 60 min!
and 90 min for spark-ignition engines, 100 min to
200 min™* for compression-ignition engines and 150
min? to 180 min? for Wankel engines, given at a
minimum temperature of typically 253 K.

For DC starter motors, these electrical machines
must provide a nominal torque M that helps
maintain cranking speed nsm for enough time to
guarantee the self-sustaining combustion and a
locked-rotor torque between 3 to 4 times M to
overcome static friction of the ICE [11].

On the other hand, Hutcheon [14] recommends
in his work, as an empirical approximation, that Mg
at the crankshaft must be at least twice the
specification of maximum torque output given by the
ICE.

Although the previous information can provide
an initial approximation, it is possible to review in
more detail other relevant parameters of starting
torque. The works of Patil and Ranade [7], Averbukh
et al [15], DeBruin [16], Hutcheon and Marks [14],
Dziubinski et al [3], Marchuk et al [17], allow to
establish an equation that can be generalized:

Mgem = Mgas + Mpric + Maee + M, + Mgq (2)

Where Mg is the starting torque of the electrical
machine at the ICE’s crankshaft, Mgas the torque
needed for gas compression (the engine in this case
works as a compressor), Msic the friction torque of
the alternative mechanisms of the engine, including
the gas distribution mechanism, Mac. the accessories’
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torque due to alternator, water pump, oil pump. M.
the load torque, Maa the inertial torque of the
components of the engine. The internal variables and
parameters of the starting machine are not
considered.

Figure 2 shows a generalized representation of
the slider-crank mechanism, where ¢ corresponds to
the crank angle, with respect to top dead centre
(TDC). The value a is the distance of the cylinder
axis with respect to the crankshaft axis. L is the
length of the connecting rod.

Fig. 2. Slider-crank mechanism

With stroke S, given in the specifications of the
engine, and with centered mechanism (a = 0), the
crank length is R = 0,5 S. The ratios between crank
length and connecting rod length An and
displacement ratio ky, are:

and kpm ==

From work of Romero [18]: 0,24<An <0,31, and
0,05<kn <0,15.

The piston displacement S, is a function of the
crank angle and dimensions of the mechanism:

Am
Sp = R((1 —cos(¢)) + o (1 —cos(2¢)) —
kA sin(¢)) (%)

Derivating the previous equation with respect of
time, the piston velocity v, is:

v, = R(sin(¢) + ATmsin(qu) -

kA 0S($)) 52 (6)

Derivating equation (6), the piston acceleration
Apis:

Ay, = R(cos(¢) + A, cos(2¢) +
2

K Sin($)) 22 @)

Now, from Armas [19], the instantaneous
cylinder volume V, considering the linear

deformations of the linkages, can be obtained as
follows:

2
V = Ve + AV, + AV, + V, = Ve + - (AL, +
ALi‘l‘Sp) (8)

Where: D is the diameter of the cylinder, Ve the
volume of the combustion chamber at TDC, 4V, is
the change in volume due to the deformation of the
mechanism, caused by the gas pressure. AV; is the
change in volume due to deformation caused by
inertia and V, is the instantaneous geometric volume
as a function of the crank angle.

As the volumes are cylinders, they can be
expressed as lengths times the area, so the lengths

are:
N

Lee = o1 &)
_ 2Kger ( D \? s
My ==L (=) (e +L+Dp (10)
4K gorm; S
AL =#(hC+L+E)AP (11)

Where: ¢ is the compression ratio, Kgr is the
deformation coefficient of the ICE, E is the Young
modulus of the connecting rod, dg. is the diameter
of the piston pin, m; is the mass that participates in
the reciprocating motion, /. is the height of the head
of the piston from the axis of the gudgeon pin and p
is the gas pressure. Assuming a flat cylinder head,
Vee=1t D? Lee/ 4.

Fy
| oA
B\
B
%‘F" \FT\
¢ b Ap
y By'e
0

Fig. 3. Forces at the slider-crank mechanism

Figure 3 shows some of the forces of the
mechanism at the linkages, and torque Mr at the
crank.

The relations between forces and dimensions of
the mechanism are:

1

Fp = cos (B) Fyp (12)

Fr=sin(p+ ) Fp = "0 0 Fy  (14)
cos (p+pB)

Fy =cos(¢p + B) Fg = T@F"T’ (15)

B = arcsin (A, sin(¢p) — k,, 1,,,) (16)

My = R.Fy (17)

Fy, corresponds to the reciprocating force on the
piston and can be expressed as a function of the
absolute pressure of the chamber as follows:

Fyp =D*(p — po) (18)
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From the instantaneous volume, pressure at
combustion chamber p in motored condition is
determined considering polytropic compression as:

P _ Vcayn

L= ey (19)
Do is the absolute crankcase pressure, pcy is the
pressure when closing the intake valve, Vcy its
volume and n =1,35 the mean motored polytropic
exponent [19].

The gas compression torque term is, as a function
of gas pressure and crank angle:

in (¢+pB)
Mgos = 3R.D?=2522 (0 —po).  (20)

When starting the ICE, as combustion hasn’t
begun yet, the maximum normalized contribution of
change in volume due to compression is AV, [ V =
0,001 at TDC. And as the process begins from
standstill, 47; can be also disregarded.

The inertia term M,, contributes to the
reciprocating force on the piston as follows:

Fypj = mjA, = —m;R(cos(¢) +
2
A €OS(200) + Ay Sin()) 2 Q1)
m] = mpl's + Mpyr + Kpymy (22)
The inertial contribution of the piston to My, is:
My, = —ijz.w(cos(qb) +

cos (B)
A €0S(20) + kA sin(@) L (23)
The inertial contribution of connecting rod is:
Mpy = —(1 - 1,)m, R %2 (24)
The rotational inertial contribution of crankshaft is:
Mrg = —(MpR? + Jpp). 52 25)
My, = My, + %pm me (26)

The inertial torque to overcome is then:
My = Mry + My + My (27)

Where my;s is the piston mass, my,; gudgeon pin
and sleeve bearing masses, K, the fraction of the
connecting rod that participates in the linear motion
where 0,25< «p < 0,275 per Romero [18] and my
connecting rod mass. m, is the total mass of
crankshaft elements, m,,, mass of crankpin journals,
m. counterweights’ mass, p, distance between
crankshaft axis and center of gravity of
counterweights and J,,, mass moment of inertia of
main journals. Also, the mass moment of inertia of
the flywheel must be included.

The time of the starting process #; and the target
cranking speed #,, provide the value of the angular
acceleration as follows:

d*¢ T Nstm
PTERRET) tst 28)

That because, unlike the DC direct-connected
starter motors, with an electronic variable frequency
drive and an AC machine it is possible to set a
constant acceleration ramp from standstill to the
target cranking speed.

The friction term M. appears as an equivalent
force on the piston:

Fyps =% D*(py) (29)

For Ferguson [20], it’s not simple to obtain an
expression for the equivalent indicated pressure
friction loss p. The relationship between friction
force Frand normal force F), is given by the friction
coefficient, described by the Stribeck friction regime
diagram, shown in figure 4, which relates ¢t with the
Stribeck number SV.

¢ = ';—i == (30)

The Stribeck number relates the relative velocity
between surfaces, viscosity and normal stress.

For surfaces with rotational motion between them:

SV = Uinwrel (31)
For surfaces with linear motion between them:
sV = ey, (32)

With: p dynamic viscosity, o, the specific stress,
Lecon the contact length between surfaces, el and U
the relative angular and linear velocities between
surfaces respectively.

There are three lubrication regimes shown in the
Stribeck diagram of figure 4: limit (1), mixed (2) and
hydrodynamic (3). In the hydrodynamic regime, the
relative velocity and viscosity of lubricant create a
pressure that supports the surfaces avoiding its
contact, and ¢s becomes directly proportional to
velocity. In the mixed regime, crincreases and there
is intermittent metal-to-metal contact. In the limit
regime, there is mostly metal-to-metal contact and ¢,
is a maximum.

°r

10|

1074 L SV
Fig. 4. Stribeck diagram. After Ferguson [20]

When starting an ICE, the initial displacements
occur at limit regime. Once the crankshaft gains
speed, the crank journals’ friction passes to
hydrodynamic regime. For the piston and its rings,
their friction against the cylinder have limit regime
when piston is at TDC and BDC, but at the middle
of the stroke, where piston velocity is maximum, the
regime can be hydrodynamic [20].

The friction analysis presented in Ferguson [20]
indicates that the most friction contribution is
present at piston, rings and cylinder with 50% to
75% of the total friction loss of the engine.

The work of Kamil et al. [21] proposes
expressions for the equivalent pressure loss pydue to
crankshaft journalS preanr, piston-cylinder prrecip,
valvetrain  pryvan, pumping losses prrom and
accessories’ 10ss prace.

pf = PFrcrank + pFrecip + thrvalv+prom + Pracc
(33)
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Where the terms depend on the viscosity of the
oil, the crankshaft speed, journals diameter, journal
length, number of journals, mean piston velocity,
constants that depend on the configuration of the
valvetrain, number of valves, maximum valve lift,
atmospheric pressure, intake manifold pressure, ratio
of intake valve diameter and cylinder, ratio exhaust
valve diameter — cylinder diameter.

From the model of Kamil et al. [21], the
percentages of pr for each contribution are: pecrank =
11,4%, Prrecip = 40,9%, privav = 18,5%, Proom =
14,7% and accessories’ 1oss Pracc = 14,5%
respectively.

The friction torque to overcome, including
accessories, is then:

in (¢+pB)
Mpyic + Mace = R-D* =525 by = o).(38)

Considering all the previous information, a
preliminary estimation for the required starting
torque at the crankshaft and power of the electric
starter motor of a Robin EY-15 engine was made.
The parameters of the engine are: Displacement =
143cm?; D = 63mm; S = 46mm; L = 96mm; € = 8,5.

Table 2 shows the results of the criteria of
equation (1) after Romero [5] with 10W40 oil of
density 830kg/m? and viscosity 116cSt@313K [42];
k=1,51=0,9. Next row from table 1 after Denton
[11], assumes 16 Nem/l by extrapolation at 253K
which gives an electric motor torque of 2,3 Nem and
adding a reduction with gear ratio of 10:1, since the
criterion is applicable for bendix-flywheel
transmission. Third row from Hutcheon [14] comes
from using twice the engine’s maximum torque [41]
and the last row is the application of the formulas (2)
to (28) of this work.

After coding the expressions (2) to (20) into a
mathematical model and using the parameters of the
EY-15, the results of such model are shown in figure
5, where compression torque Mgas is the blue curve
and pressure p is the orange one.

As the EY-15 is a 4-stroke engine with one
cylinder, one cycle requires 720 degrees of crank
rotation. The intake stroke corresponds to the
interval 0°<@<180°, i.e. from TDC to BDC, not
shown in figure 5. The next and most relevant crank
angle interval is 180°<¢@<360° and corresponds to
the turning force needed to compress the air-fuel
mixture moving piston from BDC to TDC. As shown
in figure 5, the worst case of gas compression
braking torque Mygss, oOccurs approximately at
©=336°, that the starter motor must overcome. The
point of maximum pressure p = 9,2 bar occurs at
©=360°.

Having a peak of 17 Nem for the compression
term, the formulas (21) to (28) add 0,3 Nem of
maximum contribution due to mass moment of
inertia of parts of the engine including flywheel, and
a linear acceleration from 0 to 200 min? in 4
seconds. For the case of friction torque term, it is
assumed 20% more than the sum of the previous
results. That additional 20% comes from the

considerations of Ferguson [20] after Gish, where
the contribution in pressure to friction is around 1
bar to 1,5 bar. Finally, target cranking speed was Nsim
= 200min.

20 P fbar] 10
Mgas  ga [bar]
[N.m]

10 8

P
6
0
180 240 00 0 420 480 4
-10 )
-20 ¢ [deg] 0

Fig. 5. Motored torque and gas pressure

Table 2. Estimated starting torque

Consideration Mmst [Nem] Power [W]
Romero 17,1 357
Denton 23,0 480

Hutcheon 13,4 281
Simulation 20,6 428

For preliminary verification of calculations, a DC
permanent-magnet motor, with a power of 750W at
1750 min and a nominal torque of 6,1Nm [44] was
coupled to a Futek torque sensor and this one to an
EY-15 engine, as shown previously in figure 1. As
this DC motor has 3 times that nominal torque in
locked-rotor condition, it could successfully
jumpstart the engine at an ambient temperature of
298K. Once the setup of figure 1 was made, starting
torque (blue curve) and angular speed (orange curve)
data obtained from the Futek sensor are shown in
figure 6. The EY-15 engine required a first peak of
11,23 Nem at the beginning, then a second peak of
9,37 Nem and successive peaks of 5 Nem each time
there was compression.That 5 Nem value is justified
as that the engine has signs of wear due to many
hours of testing. Rotational speed achieved was 555
min (orange curve). This test was made with 24V,
7Ah lead-acid battery directly connected to the
motor, below its 90V DC supply specification, hence
the deceleration at 0,25s.

3. SELECTION OF THE AC STARTING
MACHINE

From the estimation of starting torque, a speed

reducing transmission between ICE and starter
motor could be needed.
The transmission will connect both machines
permanently, thus making the electric machine an
Integrated Starter and Generator unit (ISG). If the
AC machine is connected directly to ICE’s
crankshaft, as shown in Viorel et al. [22], both
machines will have the same rotational speed, but the
starter mode of the AC machine is needed only from
standstill to the target cranking speed.
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Mstm nst
12 + [N.m] [minA- 600
10 Y 500
8 400
6 300
4 J 200
2 100
0 0

0 0,25 0,5 9[7551 1 1,25 1,5
Fig. 6. Starting torque and rotational frequency

If the product of torque by rotational speed leads
to high requirements of the AC machine, a
transmission is preferred.

In this case the transmission ratio is:

= Jstm (39)
nIcE
And the required torque is:
M
Mg, = n“;E (40)

Where: ngm and nicr are the rotational speeds of
the AC machine and ICE respectively, n is the
efficiency of the transmission, M;cg and M, are the
torques received by ICE and the one provided by the
AC machine respectively.

In Henry et al. [23] a 3 to 1 reducing transmission
with a toothed belt is used, where the AC machine
pulls up to 1200 min’!, providing a starting ICE
speed of 400 min™.

The types of electrical machines that can be
analyzed are the induction machine, the synchronous
motor with wound rotor, permanent magnet rotor,
axial or radial flux, and switched reluctance. All of
them with three-phase supply, as they have a better
power to weight ratio respect to a single-phase
machine and no requirement of capacitors for
starting [24].

3.1. Considerations for using an Induction
Machine or Switched Reluctance Machine
From Chapman [24], when the induction

machine is motored, it cannot provide reactive

power, so the stator must be energized to maintain its
own magnetic field. In Chapman [24] and Shuker

[25] an induction machine and an external circuit

with capacitors in delta configuration is shown, so

the induction machine becomes an isolated
generator. Using the residual magnetism of the rotor,
the capacitors charge progressively. The rotor must
rotate 2% to 5% above synchronous speed to

maintain voltage generation [26]. In Henry et al. [23]

and Grachev et al [27] a 42V field-oriented three-

phase inverter is used. From those authors, an

inverter scheme for ISG can be seen in figure 7.
The power supply is the battery Ug and the

inverter is INV1, with 4-quadrant control.

In generator mode, INV1 feeds the stator from
the battery to maintain generation, regulates the

voltage to the battery as the rotational speed
increases, and must avoid the direct polarization of
the intrinsic diodes D1 to D6 [40]. The sensing signal
of the rotational speed and slip is sent to the
controller by terminals Tcl and Tc2. In starter motor
mode, INV1 provides switching to transistors Q1 to
Q6, to feed variable frequency and voltage from Usg
to the induction machine.

A0 As-O 0

Q2 D2 Q4 IDs "~ Tq6

ST

6/\1- INVI :
- A2+ A3+A3- A4+t AS+ AS- A6t A :

P800 08 ¢
10 20
CONTROL el

5
>
=
>

Te2

for induction machine as ISG

For the switched reluctance machine (SRM), the
scheme of the inverter is the same of the figure 7,
although the generation and motoring depends on a
sequence of activation of coils of the stator. A
disadvantage of the SRM is the torque ripple, noise
and vibrations [13, 23].

3.2. Considerations for using a permanent
magnet (PM) synchronous machine

Both authors [23, 27] comment that a
synchronous machine is more efficient than an
induction one due to better torque-to-mass ratio and
more convenient as the stator doesn’t need to be
energized to generate. In particular, the axial flux
PM synchronous machine has more torque-to-mass
ratio [28, 29].

Figure 8 shows the basic scheme for the inverter
and regulator for a PM synchronous machine. Those
electrical machines do not need brushes and slip
rings [28, 29, 30], but in generator mode they require
a DC-DC buck regulator (DCDC1) after the 3-phase
rectification provided by the intrinsic diodes of the
transistors Q1 to Q6 of INV2, all of them switched
off in generator stage [13] (see figure 8).

The voltage of every stator coil is:

Epn = kg cos (wt + ) (41)
With vy the phase of each coil, 0, 2n/3 and 4m1/3
respectively.

As the ICE turns the synchronous machine, its
angular speed o, one of the factors that determine the
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magnitude of the phase voltage, varies. Thus, the DC
rectified voltage Ug of INV2 varies with rotational
speed. The DC-DC regulator maintains the charging
voltage for Us.

Fig. 8. Basic scheme for inverter and regulator
for PM synchronous machine as ISG

The factor kg is relatively constant, as well as the
permanent magnet of the rotor of the synchronous
machine holds its magnetic flux density. However,
as explained in Calin and Helerea [34], that magnetic
flux density can be affected by the temperature of the
magnets.

In starter motor mode, Q7 of DCDCL1 switches
on saturated and connects the battery with the
inverter INV2, so Ug = Ug. Then, INV2 switches
transistors Q1 to Q6, to provide variable frequency
and voltage to the synchronous machine. It is
recommended the use of a detection of the position
of the rotor (RPS) to provide the appropriate
switching of Q1 to Q6 and to get better starting
torque [34].

3.3. Considerations for using a wound rotor

(WR) synchronous machine

The use of WR synchronous machines is
common in automotive alternators, as shown in
Blaga et al. [31]. Slip rings and brushes are required,
but the stator voltage output can be controlled by
changing the k, term, and this in turn by means of
modifying the rotor current i,

_ - _ kcons
kg - kCOTlSlTOt - R UT (42)
rotor

The current i,,; can be varied along with the rotor
voltage supply Ur. Keons is the constructive constant
of the AC machine and Rrotor the resistance of that
moving winding.

The rotor voltage U, is varied with the DC-DC
buck regulator DCDC2, shown in figure 9.

The inverter INV?2 is the connection between the
stator and the battery.

In generator mode, QI to Q6 are inactive,
working as intrinsic diodes for rectification, as

explained before in 3.2. The charging voltage to the
battery Ug can be regulated by controlled variation
of U, from DCDC2. And in motor mode, Q7 of
DCDC2 is switched on saturated, Q1 to Q6 are
switched to provide variable frequency and voltage
to the stator as explained earlier.

Although the scheme for induction machine of
figure 7 appears to be simpler, the control strategy is
more complex. In the scheme for PM synchronous
machine of figure 8, Q1 to Q7 must be specified to
withstand the currents of the stator, both in generator
and motor mode. Also, the energy flow must be
bidirectional. Respect to the scheme of 3.1, INV2 is
simpler than INV1 as Q1 to Q6 can operate by
default as rectifiers. For the scheme for WR
synchronous machine, Q1 to Q6 must be specified to
withstand stator currents, but Q7 is specified to
withstand rotor current, which is less than stators
[13]. DCDC2 is simpler than DCDCI1, with
unidirectional energy flow and with less current
specifications.

4. CONSIDERATIONS FOR THE POWER
SUPPLY

The power supply, when the AC machine acts as

motor, must provide the required voltage and
current. For batteries, as the energy is stored within
a chemical reaction, its internal resistance depends
on temperature. Curves of internal resistance with
respect of temperature, for lithium-ion and lead-acid
appear in the work of Lebkowski [35]. At lower
ambient temperatures, the internal resistance of the
battery increases, e.g, from 190mQ at 293K to
290mQ at 253K for 4AH lead-acid units. That can
affect the electrical power delivery.
Supercapacitors have a very low internal equivalent
series resistance (ESR), e.g. 7TmQ for a 48V, 171F
unit [36]. Furukawa [37] shows that the ESR is ImQ
at 293K and 2,6mQ at 253K for a 400F unit. Thus,
supercapacitors can deliver more transient current
and higher voltage than batteries. However,
supercapacitors have less energy density, around 0,8
Weh/kg to 10 Weh/kg [38], whereas lead-acid
batteries carry a density around 35 Weh/kg to 50
Weh/kg, and lithium-ion between 90 Weh/kg and
120 Weh/kg [35]. The combination of both in
parallel can deliver high transient power and store a
good amount of electrical energy.

To calculate the capacitance and voltage of a
supercapacitor module, the work of Rafik [39] refers
an algorithm based on the energy delivered during
jumpstart.

The energy delivered is:

2
AW = Py At = OJSCWmoy((Vmax - RTImoy) -
(Vmin - RTImoy)Z) (43)

Where Py is the electrical power delivered during the
starting time 4¢, Cwmoy i the mean capacitance, Vimax
is the maximum voltage at which the supercapacitor
is charged, Vmin is its minimum voltage, half of Viax,
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Fig. 9. Basic scheme for inverter and regulator for a wound-rotor synchronous machine as ISG

Rt is the ESR of supercapacitor, Imoy iS the mean
current supply in starting.

Figure 10 shows the connection between battery
and supercapacitor, using a DC-DC converter
DCDC3, which limits the current, having in account
that both sources cannot be connected directly in
parallel.

— :
— :|Control
Batt ..., DEDC3 ..

Fig. 10. connection of battery and supercapacitor.
After Rafik [39]

5. CONCLUSIONS

Comparing criteria with the experimental test
shown in figure 6, the formula seen in Romero [5]
provides an estimation based on displacement of the
ICE and viscosity of oil, this property highly
dependent on temperature, so this formula provides
the possibility to predict starting at different
temperature conditions. The criteria shown in
Denton [11], extrapolating for the single cylinder
engine case, provided the highest estimation of
torque. The criterion of Hutcheon [14] provided the
lowest estimation. Although all mentioned criteria
provided a greater value than the experimental one,
the lowest estimation could lead to difficulties of
starting in cold weather condition.

The analysis of forces and torques on the slider-
crank mechanism provided a value between criteria
seen in Romero and Denton, also greater than the
experimental one, making it applicable, although the
complete parameterization for the analysis was not
possible. For this analysis, the compression torque is
the greatest contributor to the resistance to starting,
around 85%, having in account an ideal case where
there are no compression losses. This analysis can be
further improved from measurement of parameters
that conform friction torque.

As the formulas of Romero, Denton and
Hutcheon are for DC motors, and three-phase AC
electrical machines have a locked-rotor torque
between 2 and 3 times the nominal torque, a similar
case found in DC machines, an ICE can be started
also with an AC machine, with the advantage that the
same electrical machine can operate as alternator.
Also, the AC machine could assist the ICE not only
at starting but in usual combustion regimes, adding
torque output to it (hybrid powertrains), which in
turn leads to require less displacement of the engine
and to reduce contaminant emissions.

The type of AC machine leads to different
requirements of electronic inverters and regulators,
powered by DC power supply. Contrary to common
knowledge, it is possible to use an induction machine
as ISG, although it requires a 4-quadrant inverter
with a complex control strategy that must maintain
the magnetization of stator and its generation at the
same time. The scheme for PM synchronous
machine has a simpler control strategy in generation
mode than the one for induction machine, although
there are power electronics components with high
specifications, having up to three transistors in series
between power source and AC machine, which
increases electrical power transfer losses. The
scheme for WR synchronous machine requires the
simplest case of inverter in generation mode and DC-
DC regulators with unidirectional energy flow and
less current specifications. Between power source
and AC machine, there will be up to 2 transistors in
series, which means less power transfer losses than
PM synchronous drivers. For the case of starting, the
mentioned machines require a very similar DC to AC
three-phase conversion, except that for synchronous
machines, a detection of position of rotor is desirable
for Dbetter starting torque. Another potential
advantage of using an AC machine is to provide a
linear acceleration ramp when starting the ICE,
contributing to less use of electrical power for that
event.

The use of supercapacitor and battery allows
more transient current and higher DC power source
voltage that leads to a more reliable starting of the
ICE, especially at low ambient temperatures.
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