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Abstract— The use of a Switched-Mode Rectifier (SMR) allows advantages of this approach are described in [1], [2].
automotive alternators to operate at a load-matched condition
at all operating speeds, overcoming the limitation of optimum
performance at just one speed [1], [2]. While use of an SMR Remaor
and load matching control enables large improvements in output =8
power at cruising speed, no extra power is obtained at idle. This
document introduces a new SMR modulation strategy capable of
improving alternator output power at idle speed without violating
thermal or current limits of the alternator. The new modulation
scheme may be implemented with simple control hardware, and
without the use of expensive current or position sensors. After
introducing the new modulation method, we develop approximate
analytical models that establish the underlying basis for the
approach. Implementation considerations are addressed, and
both simulation and experimental results are provided that
demonstrate the advantages of the proposed control method.
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Fig. 1. Electrical model of a Lundell alternator connected to a Switched
I. INTRODUCTION Mode Rectifier.

There has been continuous increase in electrical powerA major limitation of the load-matched control technique is
demand in automobiles as a result of the electrification of ethat even though the alternator works optimally at any speed, it
isting loads and the introduction of new vehicle functions [3oes not improve alternator performance at idle speed (Fig. 2).
[4]. One consequence of this increasing demand is that ieme present and future installed functions in cars will require
provements in automotive generators are becoming necesshigher electrical power at cruising speed (e. g. electromagnetic
As of today, Lundell-type alternators with diode rectifiersalves, water pumps, etc.) making the SMR a good solution
are almost universally used. The alternators are designedfdodealing with that demand. On the other hand, many other
operate optimally at idle speed, thus maximizing output powapplications will benefit from power improvements at all
delivery at the speed providing the least generated powspeeds, including idle. Thus, the described approach is still
At higher speeds, the power capabilities of the alternattmited by the already-optimized-at-idle alternator. Design and
machine are under-utilized. Recent work has demonstrated tbamtrol approaches which can improve output power at idle are
introduction of a Switched-Mode Rectifier and appropriatéherefore of particular value for future systems.
control into the alternator can overcome this limitation [1], This paper introduces a new modulation technique for the
[2]. In this approach, the bottom diodes of the rectifier bridg8MR that achieves a significant increase in alternator output
are replaced by controlled switches (e.g. power MOSFET'g)ower at idle speed. The new modulation scheme may be
as shown in Fig. 1. This Switched Mode Rectifier (SMRimplemented with simple control hardware, and without the
allows matching of the effective voltage seen by the alternatase of expensive current or position sensors. After introduc-
to that required for maximum power any speed. This ing the new modulation method, we develop approximate
operating mode, termed “load matching”, maximizes outpanalytical models that establish the underlying basis for the
power across the speed range. An experimental comparisgproach. Implementation considerations are addressed, and
between conventional diode rectification and switched-mobeth simulation and experimental results are provided that
rectification with load matching is illustrated in Fig. 2. Thaelemonstrate the advantages of the proposed control method.
practical implications of such a SMR with load matching Section Il of this paper describes the new modulation
control are clear: the average output power capability of thechnique and develops the analytical models that underly
alternator over normal driving cycles is increased. Addition&l Section IV of the paper addresses implementations of the
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Alternator Output Power vs. speed

4500 \ \ \ \ \ \ \ \ of the SMR modulation technique developed here is shown on
the same axes. The switching function for each of the legs of
the structure is realized at a frequency many times higher than
ss00f ] the line-current frequency and the duty cycle is modulated in
such a way as to obtain the “local-average” phase to ground
voltage v,y shown in Fig. 3. Looking at this local average
voltage waveform it is possible to define the different intervals
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Fig. 2. Experimental comparison of the Output Power vs. alternator speed
using a SMR in load-matched operation and a regular diode bridge rectifier.

proposed strategy including some of the design constraints

and hardware issues, and describes the design of an experi-
mental prototype system. Section V presents both simulation

and experimental results from the implemented modulation

technique that demonstrate the extra output power available
at idle. Finally, Section VI draws conclusions and presents a

preliminary evaluation of the approach.

Il. SWITCHING MODULATION FOR IMPROVED
PERFORMANCE ATIDLE SPEED

Fig. 3. Waveforms for new modulation technique.

The existing load matching technique can be implemented

on a three-switch boost rectifier (Fig. 1) by modulating the The new modulation technique consists then of the follow-
three switches of the SMR together at the same frequering subintervals:

and duty cycle, where the duty cycle is a function of speed, § : During this sub-interval, beginning when the phase
(and possibly other variables). This paper presents a new current becomes positive, the switch is kept on, forcing
modulation approach that takes the SMR control one step the phase-to-ground voltage to be near zero. During this
further by modulating the three SMR switches in Fig. 1 5 portion, additional energy is stored in the winding
independently. This adds the necessary degrees of freedom jnductance.

to enable more power to be delivered at idle speed. Three, Mid-cycle: Operation at a nominal duty ratio and average
important observations are worth mentioning about possible voltage Vi.se. This voltage is close to that for the
modulations using a SMR: load matching condition, and will be a function of the
« The bottom MOSFETs of the SMR can only be effec- alternator speed.
tively modulated while they carry positive current; during « ® : From the beginning of this interval to the end of
other periods, their corresponding back-diodes conduct. the positive portion of the line current, the duty ratio
« Any viable scheme must keep the alternator within al- is adjusted so as to obtain an average phase to ground
lowed thermal limits. voltage that exceeds the nomirid),,. by V,, volts.

« For the modulation scheme to be practical given auto- The new modulation strategy embodied in Fig. 3 enables
motive cost constraints, it should not require expensiV@yditional output power to be obtained from an alternator
sensors or controls. as compared to that achievable with diode rectification or

In this paper, there will be a focus on techniques that do newitched-mode-rectification with load matching control. At

incur other costs (e.g. requiring position or current sensorsthe same time, this new modulation is simple enough to be

It is expected that through the improved alternator perfoimplemented with inexpensive control hardware and without

mance that results from this work, the use of an SMR will bihe use of expensive current or position sensors. The zero
a better, yet economical, option for high-power alternators.crossing of the phase current waveform can be effectively
Figure 3 shows the phase current and the instantanedeasected by observing the phase-to-ground voltage during
phase-to-ground rectifier voltage for one phase over an altdre FET off state. We have experimentally verified that this
nator electrical cycle. A simplified representation of one cycldetection can be done simply and inexpensively. Achieving
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improved performance without significant increase in cost the phase current becomes positive, during which the bottom
a central benefit of both the selected rectifier topology and siitch of the SMR is kepON. In this subinterval electrical
the new modulation strategy introduced here. energy is stored in the machine inductandg)(for release

It should be noted that the structure of the switched-mod® another part of the conduction period. In the second new
rectifier imposes limitations in the modulation strategy thaubinterval, a conduction angle intendalis introduced during
result in asymmetric stator current waveforms. This does nehich the duty cycle of the corresponding bottom switch is
represent a problem in automotive alternators provided thadjusted such that the local average of the voltage at the input
the thermal limits of the alternator are not exceeded. Tlé the SMRv,, is set to a voltagd/py volts higher than
increase in alternator output power is - for many modulatidn the main interval. These two subintervals will produce a
conditions of interest - accompanied by an increase in powghase shift that reduces the total phase angletween the
dissipation. The amount of extra power that can be obtainbdck EMF voltagey,, and the the fundamental component of
through the proposed modulation strategy is ultimately limitetie phase currenit,; thus increasing the amount of real power
by the thermal capabilities of the electric machine. Thus, wabtained at idle speed (1800 rpm). Furthermore, these intervals
adjust the modulation parameters to maximize output powegan be used to increase the fundamental phase current, thereby
while staying within the temperature limits of the machine. increasing output power. The modulation strategy embodied by

The power dissipation and the temperature in the alternateéig. 3 achieves this within the modulation constraints of the
are both a function of the rotational speed. In particulaemibridge SMR, and without requiring detailed position or
Fig. 4 shows some experimental measurements of the powarrent information.
dissipation and the temperature of an alternator running atFollowing an approach similar to that of [7], [8] it is possible
1800rpm and near3000rpm. In [5], [6], it is shown that to analyze and characterize the behavior of the fundamental
a typical alternator reaches a maximum temperature whesmponent of the phase currents in the presence of the
running at3000rpm. It can be seen in Fig. 4 that it is possiblgproposed modulation scheme. The simplified circuit shown in
to increase the power dissipation at idle speed while not &xig. 5 allows an intuitive and simple calculation of the current
ceeding the normal temperature of operation of the alternaigrfor one phase. From that result, the output power delivered
when running at3000rpm. This suggests that some degret the output voltagd/, and dissipation losseB,;ss can be
of increased power dissipation at idle speed is permissible.dasily calculated by taking into consideration the contribution
particular, the model of [5], [6] suggests that at lea$5& of the two other phase currents. It is also important to mention
increase in RMS stator current at idle speed is allowable fratmat in order to find a closed expression for the phase current,

a thermal standpoint in a typical alternator. a symmetric conduction condition is assumed. Under this
approximation, a positive curremt; is assumed to circulate
__3000 180§ through the alternator’'s winding for exactly half of the current
< 2500 1 I 1150~ period (e. g., for0 < w,t < 7). The positive conduction
= 503 angle of the current using the new modulation is not exactly
5 1 1 @2 i . : :
= 2000 1202 180 degrees in practice, so that the symmetric conduction
S | 1 5 condition is not exact. Nevertheless, this approach provides
g 1500 90 g a good insight into the operation and potential benefits of the
é 1000 T 160 g proposed modulation scheme.
[
o 1 1
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Fig. 4 Measured power dissipation and temperature of a Lundell alternator
running at1800rpm and 3000rprm. Ia(t) @ Vag(t)
v (t C)
I1l. ANALYTICAL MODEL “9( QY
By means of adding new degrees of freedom in the control
of the SMR, it is possible to manipulate the state variables of L
the system beneficially. In particular we adjust the magnitude B
and phase of the different harmonic components that constitute Fig. 5. Circuit model for one phase of the SMR.
the phase currents to enhance the average power delivered to
the output. Looking at the circuit SMR structure shown in Fig. 1, we

As mentioned in section Il the new modulation introducesegin by defining the time domain characteristic of the differ-
two new subintervals to the normal operation of the SMRent back EMF voltage sources generated by the alternator. The
A conduction angle intervad is introduced beginning when magnitudeVgy,r is given by Venr = Kywsiy, whereis
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is alternator field currenty, is alternator electrical frequency,v,, andv,, so that an analytical description of the equivalent
and K, is the machine constant i@%. The back EMF voltage source,, can be obtained.

voltages are: We can describe the voltagg, in terms of its Fourier series
description:
Vsa = VEmF sin (wst) o ~
vy = Vigasp sin (wst _ 27T> 1) Vag = Qo + Z ay, cos (nwot) + Z by, sin (nwet)  (7)
3 n=1 n=1
B . 27 The fundamental component of the phase curignis the
Vse = VEMFSID | wet + — . . .
3 only frequency component of the Fourier series representation

By applyingKirchoff’s Voltage LawKVL around the SMR of the current waveformi, that actually contributes to real

structure for each of the phases we can calculate the neufi4Put power. By shifting all the signals shown to the left,
to ground voltage,,, which can be expressed as: such that the reference angle is at the end of the intérvad
ng :

can find a simple expression for the coefficientsandb; of

Ung = —Vsa + ZRLIq + Vag the Fourier series representation:
Ung = —Vsp + ZRLib + Ubg (2) Voase + Voo Vo
Ung = —Usc + ZRLic + Veg = fszn(é) B ™ SZTl(5 + (I)) (8)
Adding the three equations that describe the the neutral to
ground voltagev,,,, we obtain the following expression: by = Vbase + Vbase £ Vou cos(8) — Vou cos(6 +®)  (9)
™ m ™
) o Figure 6 shows the resultant equivalent circuit with which
3Ung = = (Usa + Vsb + Vsc) +ZRL (ia + i + ic) () is possible to calculate the magnitude and phase of the
=0 =0 fundamental component of the currept. In this circuit, the
+ (Vag + Vbg + Veg) phase angle between the fundamental component of the phase

As clearly shown in equation (3), the teffm,, + vsp, + vse) ia and the back EMF voltage,, is calleda.

is equal to zero, because the three back EMF voltage sources Rs Ls

Vsa(t), vap(t) @andv,.(t) form a three-phase set. — Y
By applying the superposition principle, it can be seen that ,, sin(wyt +a) _

the phase to ground voltages at the three inputs of the SMR, 0 | asin(eyt)

Vag(t),bg (t) anducy(t) are:

gsin(wt +x-9)

-

Pog = <Uag> * Uﬂaf Fig. 6. Circuit model for the fundamental component of the waveforms of
Ubg = (Ubg) + Upg (4) the SMR.

Veg = {Veg) + Veg To simplify the analysis Fig.6 shows the phase equivalent

These voltage expressions are equal in magnitude, but phegéage v, magnitude expressed as = /af + b7 and its
shifted by 2T radians. This implies that thBC components phase before the mentioned shift byas y = tan=' (% ).

b1

for the three signals are the same; ) = (vbg) = (veg)- The machine impedance for one phase of the alternator can
By plugging these expressions into equation (3) and solvipg expressed a$Z; |/, = R, + j(wLs).
for the neutral to ground voltage,, we obtain: Solving the circuit shown in Fig. 6 by phasor analysis for
1 the magnitude and phase of the fundamental component of the
Ung = 3 [Vag + Ubg + Vg + (Vag) (5) currenti,; we obtain:
Equation (5) can be subtracted from the expression for the I1] £0 = |‘§a Lla—8,)— |§71|4(X ~§5-6,) (10)
L L

phase to ground voltage,,(t) to obtain an equivalent voltage
sourcew.q, that can be used to analyze one phase of theExpressing the Eq. 10 in rectangular form, we obtain for
system. Observe that.,, consists of a linear combinationreal part, (i. e Re{is1}):

of the AC components of the phase to ground voltages of the

different phases. Via c1
|| = [ cos(a—0z) — ——cos(x—6— 92)} (12)
B 2 11 5 Z1 1Z1|
Vequ = Vag = Ung = 3lag = 3Ubg = 30cq ©) And for the imaginary part of Eq.(10)(i. €m{i.1}):
In order to obtain an equation for the phase curigrftom
the circuit presented in Fig. 5, it is necessary to obtain the =~ [V, . P 1o P 12
AC components of the voltages at the input of the SNIE, ~ 1z sin (o — 0z) — Z2] sin(x — 6 —0z) (12)

1987



P_ increase vs.d P vs.d
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Using Eq.(12), and solving for the phase differenee 2 1200 ‘
betweenv,, and the fundamental of the phase currént,

we obtain: 1 ‘/‘ 1100 /.--"
10 '," 1000 '/"’
a=0z+sin! ;1 sin(x — 0 — 0z) (13) 5 ',// 900
2
0 800
Equation (13) can be substituted into Eq. (11) to solve ° * *:* © % Cor Ry e ®

increase vs. d MR Vs

P
! RMS. 1RMS 'RMS

Mo
1RMS

for the magnitude of the fundamental component of the
phase current, and it can be evaluated numerically. Using the

aforementioned results and adding the contribution of the other /" &
two phases it is possible to obtain a simple expression for the ™ /" "
average output powgPoyr): 2 /"'
10 < = = Matiab * = = Matiab
cos(a) 1% Nt 40
<POUT> =3 l:‘/salal 5 :| -3 |:Rs2:| (14) 0 10 20 s 30 40 50 0 10 20 s 30 40 50
A. Model Validation Fig. 7. tCgmparison between theiiLAB and PspicEmodels vs. the control
parameten.
Using the results obtained in equations (11-14) we can sim-
ulate and plot the output powéPo ) and the approximate P, Increase vs. © Py V5.0
RMS phase current vs. one one of the control parameters (== vaio o O s
(e. g.9), as illustrated in Fig. 7. The values that model the o P Y g™ 2T
alternator parameters used for the simulation are related to £, DL U s B g \
the electrical model of the SMR presented in Fig. 1 and s ./ Yo K
are: Viarms = 10.716V, Ry = 3Tmf), Ly = 120pH and NI , , ooyt
freq = 180Hz; where V,,rnrs represents the back EMF 0 - - L - - -
at idle speed (e. g. electrical frequengyeq = 180Hz2) L e | Oue
and full field current (e. gi; = 3.64), R, is the winding s o 119056 0 s s ¥
resistance and., is the machine inductance. The modulation ® __- - ; ;
parameters for the simulation shown in Fig. 7 corresponds 4 * el \\‘ . ‘,a'f""*\\~
to0 Viuse = 14V, Voy = 0V the length of the interval is 5 o XY jz
® = 0. The § parameter is varied from 0 t80°. Fig. 7 also %10 ~ ~ N o R
shows simulation results using &R cemodel for the system 20 ".‘ -

described in the Appendix . There is close agreement between 0 2

results obtained by the equation described in this paper and

the circuit simulation using $ICE The principal differences Fig. 8. Comparison between theWAs and FspicEmodels vs. the control

between the results obtained are because the analytical mddgmete.

considered here only takes into account dissipation due to the

fundamental component of the phase current, while the circuit

simulation incorporates all dissipation components. predictions arise because intendlis not small any longer,
Simulation results show that a considerable amount of exthRis the symmetric conduction condition is not achieved.

output power can be obtained by changing the length of theln order to explore how the output power depends on the

interval §. They also show that the increase in real power gontrol parameters and ¢, a PSPICE simulation model was

accompanied by a significant increase in phase cuirefithe used to realize a full grid search over those parameters. The

increase in losses due to dissipation will set the limit for whichutput power increase and the phase current increase predicted

this modulation will operate. by the simulation over the control range are presented in
Figure 8 shows the increase in output pow&pyr) and Figs. 9, and 10. As mentioned before the amount of extra

the corresponding increase in RMS phase current versus @wput power that can be obtained using the new technique

parametefb. It can be seen that for small values®fa small presented in this paper is limited by the maximum allow-

increase in phase currefi is accompanied by significantable increase in conduction losses in the alternator windings.

increase in output power. With bigger values of the contréligure 9 also highlights the loci of the maximum obtainable

parameter®, it is possible to obtain a moderate increase ificrease in output power, when the increase in RMS phase

the output power but with an actual decrease in the magnituglgrent is limited tol5%. This limit was selected in order to

of the phase current. This implies that is possible to obtakeep the alternator within acceptable thermal limits.

an increased amount of output power with lower loss. The Figure 11 shows the projections of the locus shown in Fig. 9

difference that exists between the simulation and the numericalto the three planes bounding the figure. This illustrates the

40 60 0 20 40 60
® (degs) ® (degs)
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Phase Current Increase at Idle speed: V. =14V V=20V

base

Excessivedissipation!

e
°
q'---

[
e -]
2 ‘

(]
-

,Qar operation

RMS Current Increase &%)

la(d =0, = 0) =48.46A

20
5(degs)

60
40
20 P(degs)

Fig. 10. RMS phase current increaég) vs. § and ® for V,, = 20,
‘/base = 14.

Fig. 12. Prototype Setup

output power increase that can be obtained by adjusting the
parameters as indicated in the projection on the floor of t
graph. The simulations predicts tha2% increase in output
power can be obtained at idle while keeping the alternat
within thermal limits.

U\?ould not be necessary in practice. Separately, we have ex-
erimentally demonstrated that the desired timing information
An be obtained with only phase-to-ground voltage sensors.

In our current prototype the different parts of the modulation

IV. PROTOTYPESYSTEM DESIGN switching control signals are generated using a small FPGA

S40005X L. It may be expected that the proposed mod-

strate the proposed modulation technique. This setup consié@ion scheme will result in little incremental cost over a

of an alternator that is driven with an 3-phase motor, &YSt€M With an SMR and load-matching control. Figure 13

switched-mode rectifier of the type illustrated in Fig. 1, and' _ustrates the duty-cycle variations of the MOSFET gating

controller. An electronic load (not shown) simulates the battef/@nals in relation to the corresponding phase currents. In the
connected to the SMR system. actual system, the switches are modulated (dtxHz, much

Accurate timing of the modulation with respect to thdigher than the alternator electrical frequensy 180Hz).

alternator phase currents is of great importance in realizing
the proposed modulation scheme. This can be achieved using
sensors to acquire information about the line currents fromThis section presents some experimental results obtained
which the different subintervals are determined. The proposesing the prototype system described in section IV. We first
modulation scheme only relies in vary basic information abouélidate the BpiCE averaged models used to search for
the sign of the phase currents. In the prototype system tpieferred operating points. Figure 14 shows the measured
information is obtained through the use of Hall-effect curremthase current, for the operating conditiod = 11.3° and
sensors and an incremental position encoder, though thése= 0° with iy = 3.6A4, Viese = 14V, Voy = 0V and

A prototype system (Fig. 12) has been developed to dem

V. EXPERIMENTAL RESULTS
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Fig. 13. lllustration of the modulation patterns of the SMR switches in

relation to the phase currents. Fig. 15. Experimental and simulated Phase Curtgnat idle speed and

maximum field currentd = 15°, ® = 53.8°, Voy = 18.7V, Vipgse =
14V.

freq = 180Hz. The same figure also shows the current

waveform simulated using $®Ick for the same conditions. Output Power Increase at ldle speed Vg,se=14V V,,, =20V

15

5
Close agreement between the average models and the exper- 3
. . . o
imental measurements is observed. Figure. 15 shows another s1of ,
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Fig. 14. Experimental and simulated Phase Curiignat idle speed and While use (_)f an SMR an_d load matching Con,tr,OI alone
maximum field currents = 11.3°, ® = 0°, Vo = 0V, Vigse = 14V. enables large improvements in output power at cruising speed,
no extra power is obtained at idle. This document introduced a
operating condition ¢ = 15°, ® = 53.8° andVpy = 18.7V  new SMR modulation strategy capable of improving alternator
iy = 3.64, Vhese = 14V, and freq = 180H = at idle speed). output power at idle speed without violating thermal or current
Again, excellent agreement between simulation and expdiinits of the alternator. After introducing the new modulation
ment is observed. Figure 16 shows experimentally measuredthod, approximate analytical models were developed that
increases in output power and the corresponding increasesnonstrated the feasibility of this new approach. Imple-
in phase current for a variety of operating conditions. Thesaentation considerations were addressed, and both simulation
results show that for appropiate variations dn significant and experimental results demonstrating the approach were
increases in power delivery to the load can be achieved presented. It may be concluded from these results that use
combination with a reduction in the RMS phase currents ad a switched mode rectifier and the new modulation strategy
associated losses. Furthermore, it is clear from these respitsvides a valuable increase in output power at idle speed. The
that significant increase in output power {5% or more) are technical feasibility of this new method has been demonstrated
achievable with limited (and acceptable) increases in RM#halytically, in simulation, and experimentally. Achieving im-
phase currents and losses. proved performance without significant increase in cost is a
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Fig. 17. Bspicecircuit model for the SMR power enhancement modulation.

The different parameters of the simulation®, Vo and
Viase €an be independently controlled and varied thus making
this a flexible simulation tool for this new power enhancing
technique. Details about thesPiCE model may be found
in [9].
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