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Abstract

The main purpose of this paper is to provide a
comprehensive study of an online energy management
strategy devoted to hybrid electric vehicle (HEV) parallel
drivetrains adopting an integrated multi-drives topology to
interface a multi winding induction machine with the on-board
hybrid storage units. This solution is designed to allow multi-
directional power flows among the storage units and the
drivetrain. Basically, the proposed efficiency optimization
method continuously searches for the best compromise
between the torque demand, system efficiency and power
capability of each storage unit. The considered electric drive
configuration allows to effectively and independently handle
the power flowing in storage units featuring different sizes and
DC voltages, while improving the overall reliability. A good
agreement between simulations and experimental results is
achieved.

1. Introduction

The energy management of the electrical machine and

storage systems in hybrid electric vehicles (HEV) is a very hot
topic among academic researchers and industry manufactures.
Several approaches devoted to parallel drivetrains have been
introduced by many authors, considering from time to time
different control strategies and constraints depending on the
specific application [1-6]. In most cases, the storage system is
hybrid since it includes supercapacitors and batteries, both
assembled by suitable electric connections of a certain number
of cells.
The battery pack of a conventional Hybrid Energy Storage
Systems (HESS) installed in HEV is directly connected to the
DC link while a half bridge DC/DC converter is usually placed
between the supercapacitors bank and the DC link, [1]. Such
configuration implies that the DC/DC power converter must
match the maximum power level of the supercapacitors bank to
sustain large current peaks. Furthermore, because of the shared
voltage DC bus, any voltage variation in the bus negatively
affects the management strategy of both storage units, [2].
With regards to the system reliability, a fault in the AC/DC
power converter of the conventional topology or in a single
winding of the electrical machine (open phase fault)
compromises the entire delivering power flow and thus the
charging and discharging procedures in all the storage units.
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A fuzzy logic controller and a model predictive algorithm are
presented in [2] to improve the peak power compensation
provided by the supercapacitor limiting the DC voltage large
variations while reducing the battery pack current stress. In [3]
the proposed control strategy exploits a frequency approach to
manage the energy flows in storage units.

In this paper an integrated multi-drives (IMD) topology is
exploited to ensure an online and parallel multi-directional
power flows among the storage units and the drivetrain. Thanks
to the turns ratio of the induction machine windings, storage
units featuring different sizes and DC voltage levels can be
easily connected, avoiding the use of more DC/DC power
converters and leading to an increment of the system reliability.

2. Integrated Multi-Drives Topology

The IMD configuration considered in this paper is
displayed in Fig. 1. The conventional winding of a standard
squirrel cage induction machine is split into different three-
phase sub-windings, keeping the same original mmf
distribution. The windings feature a different number of turns
N; strictly related to the desired back emf, while the wire cross
sections are related to their nominal currents.
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Fig. 1. IMD with multiple DC storage units.

The total magnetic airgap flux and the torque generated in the
electromagnetic system can be approximated (by considering
the assumption of linear system) to that achievable by
combining the contribution provided by the fictitious sub-
motors (SM), each one consisting of one of the stator sub-

Page No0:386



Aut Aut Research Journal

windings and sharing the same rotor. This electromagnetic
system allows supplying more storage units featuring different
capacities and DC voltage levels by means of standard three-
phase voltage source inverters (VSI).

According to [7-9] the IMD can be easily controlled by
implementing » decoupled indirect field oriented control
(IFOC) algorithms in the SMs, adopting the same gd reference
frame for all the drives composing the IMD. The field
orientation in each unit is obtained by imposing the total slip
angular frequency a;,,. equal to:

Ospr = z_i(iqsl + i¢'132"' +i¢lisn )/(iz]sl +izI]sZ"' +i(llsn) (1)
where 7, is the rotor time constant, while i,; and i, are the
torque and flux components of the stator current vectors
flowing in the j-¢4 SM. It is worth noting that in this
analytical formulation the electrical quantities associated to
the j-th stator winding (and to the rotor) are referred to the
stator winding / through the turns ratio N/N; (N/N, for the
rotor). The rotor flux angular position 8, is calculated from
oy, and rotor speed w;, as:

alr = a/IrO +.[(a)slr + @, )dt > Oy = 5a)rm (2)
where p indicates the pole pairs. The total electromagnetic
torque provided by the IMD is given by (3), as the sum of the

torque contributions provided by each SM:

P 34 o\
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Fig. 2. Block diagram of the IFOC control for the j-t2 SM.

The rotor flux in the electrical machine can be calculated as:
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Qg = Loy (i(,,‘vl ot i;m) ©)
Hence, under field orientation, the torque produced by the »
integrated motors is directly proportional to the algebraic sum
of the torque components i,; while the amplitude of the flux is
given by the algebraic sum of the flux components associated
to ids jo

Fig. 12 displays a block diagram of the IFOC implemented in
the j-th SM. The current loop allows to handle the decoupled
torque and flux controls in each SM. The reference currents are
assigned on the basis of the actual operating scenario (braking,
cranking, etc.) and storage state, as detailed in the following
sections.

3. Storage Units Modeling

The storage units used in HEV parallel drivetrains are
mainly strings of supercapacitors and battery packs (both lead-
acid or lithium-ions technologies).

The accurate knowledge of the actual State of Charge SOC and
power capability PC of each single storage unit can be very
significant to assess the suitable energy management of the
entire system [10-12].

Supercapacitors strings can be represented by a simple RC
network, as proposed in technical literature and in datasheets of
supercapacitors’s manufacturers [13]. The capacitor C,. and
resistor ESR,. composing the RC network can be easily
identified using data provided by the manufacturers:

Csc = Csc,cell /nsc
ESRsc = ESRsc,cell Nge

v

6
se = Vse,cell " Mse ( )

Vse,rated = Vsc,cell ,rated *Msc

where 7, is the number of cells, the State of Charge associated
to supercapacitors SOC;, is the ratio between the actual voltage
and the maximum voltage:

vSC

soc,, = 7)
Vse,max

Generally, the maximum voltage value is assigned equal to the
rated one. The SOC;. is usually maintained between 50%
(SOCy. pnin) and 95% (SOCy. nar) [1]. The power capability of
the supercapacitor during the charge process is function of the
actual SOC;. and selected horizon time A¢, the last depending
on the operating scenario of the drivetrain (braking,
acceleration, etc.) [14],[15]:

soc, - SoC

sc,max
2

PCsc,ch = isc,ch,PF : [ + SOCSC] : vsc,mnx (8)
where iy, pc is the maximum value of the current that can be
imposed during the charging process at a given actual SOC;,
and maximum SOC;

S OCsc - S OCsc max C (9)
’ v sc

se,max
At

Lsechpc =

Similar formulation can be used during the discharging
process:
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_[soc,. -soc

PCsc,ds = -xc,dx,P(' : [SOCSC ‘ 2 — ) . Vsc,max (10)

SOC,. -S0OC

s¢ s¢,min C

At Vsemax ~Cse (1 1)

lsc,ds,PC =

The amount of losses in the supercapacitors is calculated
considering the Joule loss associated to the resistance ESR:

P, =(ESR,)-i (12)
Differently than supercapacitors, modeling of batteries is
more complicated due to several non-linear phenomena
occurring during charging and discharging processes.
Moreover, the battery behavior is strongly affected by the State
of Health (SOH), load variations and environmental conditions,
[16].
In this analysis the battery pack has been modeled by using the
Thevenin equivalent circuit [17-18], while the battery SOCj,
has been estimated exploiting a Pl-based observer scheme,
[19]. The controller parameters have been chosen in order to
match the automotive dynamics. Thanks to such online
algorithm, an accurate SOC}, estimation is provided.
A good accuracy in the power capability prediction PCy,
during the discharging process can be obtained by taking into
account the rate limits depending on the actual SOC,, [20], and
a suitable time horizon A4t¢:

PCts = Viymin “Tppas pe (13)
where:
SOC,, —SOCh, in
Ipt ds,pC = %'SOH “Chy (14)

Cy, is the rated capacity of the battery. It is worth noting that
all the quantities included in (13) and (14) are continuously
provided by the PI-based observer scheme, [19].

A similar formulation can be adopted for the charging process,
in which the additional nonlinear phenomena and the
significant dependency from the actual current rate are taken
into account by introducing an additional correction term, [21].
Hence, the power capability during charge PCj,., can be
calculated as:

PCbr,ch = Vot,max l‘br,ch‘P(,' MNen (15)

Another constraints regarding the charging process is related to
the charging current i, recommended by the battery
manufacturer pursuing the objective to extend lifetime, [17].
The selected charging current iy, ., is usually lower than the one
related to the power calculated from capability assessment,
Ubg,ch.pC-

ibt.,ch < ibt,ch,]’(* (16)

In most cases a constant current (CC) control strategy is
implemented for SOCj, lower than 70-75%, while a constant
voltage (CV) regulation for higher SOC,, values.

In case of very high SOC; values occurring during CV
regulation, if the restored energy exceeds the rated capacity a
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dangerous overcharge could happen [22]. It is necessary to
avoid frequently overcharge states since the SOH of the battery
rapidly decreases yielding to permanent damages. To avoid
such drawbacks, the implementation of the considered real-
time SOC, estimation scheme is necessary as well as the
information provided by the manufacturer about the CV
regulation.

As for the supercapacitors, also for batteries the losses
estimation can be calculated by considering Joule losses
associated to the resistive elements:

P/,bt =(R/ +Rt)’iZt (17)

For safety reasons, a resistive braking system in parallel to the
supercapacitor as well as to the battery is usually included in
the system. During normal operation, this resistive braking is
inactive [23].

4. Energy Management Control Strategy

After having provided some technical constraints regarding

the charging and discharging processes of storage units, a
straightforward control strategy for the IMD system is
described hereafter. The main goal of the proposed control
strategy is to increase the flexibility and efficiency of the
transferring power among the storage units and the HEV
parallel drivetrain.
Different operating scenarios of the HEV power drivetrain
have been considered. Although the proposed approach can
be applied to any combination of storage technologies and
number of units, the IMD considered in this study includes
two SMs connected to two different storage units: (1) a battery
pack and (2) a supercapacitors string. For each operating
scenario, the cooperative control strategy acts in order to
select the optimal set of reference gd currents allowing to
handle in the most suitable way the power flows in the system.
Focusing on the braking scenario depicted in Fig. 3, the
demanded torque 7, mams has been assessed taking into
account the typical profile shown in Fig. 4, [24].

Battery (bt) Constraints
-y | M braking torque assessment
’ — / s | M power capabiliy
Brake _ /// Supercap SOC
pedal 4 Supercap power capability
9 / Battery SOC

Battery charge control (CC or CV)
Time horizon: 1 to 5 sec

I4s currents

Braking '
-

Supercap (sc)

i(]\'}/i//zi/:_f(PC.\czuh)‘ .
L Igsi

1ds1=1ds1,rated

Tds2=1ds2 rated

-——— dgsrtige=enst=f{(Te demand)

Operating points
. providing T gemana
lgs2 )
- @ Operating point maximizing|
energy recovery

S— .
N ’q,\‘/lunn:f(lhl,ch)

Fig. 3. Braking scenario.

The torque T, smana represents a contribution of the overall
braking torque, in addition to hydraulic, frictional and engine
braking. The rotor speed profile is obtained by considering the
Newton’s second law applied to the parallel drivetrain, [24].
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Fig. 4. Reference profiles for the demanded torque T, jemana
and for the rotor speed ®,, during braking.

With regards to the reference currents on d axis iy; and iy,
they have been imposed equal to their rated values in order to
allow a fast dynamic response during starter and generation
operations. On the contrary, the reference currents on the g
axis iy, and iy have to be selected to satisfy different technical
constraints related to demanded torque 7,4 mas and the
maximum currents allowed iy imic and gy for the considered
storage technologies:

T,

e, demand

lqs] +lq32 = 3
5 pLy, (ldsl,rated + 152 rated )

Te,demand “Opmip = PCIM (18)
iqs]/lmit = f(ibt,ch) = (1 9)
[qs2]1mil‘ = f (P Csc,ch) =(2 0)

In particular, the sum i, + iy is strictly related to the required
torque 7, gemanas While ., represents the initial rotor speed.
PCy is the power capability of the induction machine, usually
assigned equal to the rated power P,eqns. The current iy is
function of the maximum charging current that can be forced
into the battery i, according to manufacturer’s
recommendations as in (16). By assuming that mechanical,
iron and power inverter losses can be considered negligible, the
current iy can be approximated in a straightforward way as:

<

|lqsl lqsllimlt

lqs2 = lqs2/1mit

. _ Voich “hich
lqs]llmit - 3

EpLM (ldsl,ratea’ + ldsZ,rated rm,t0

19)

The current iy, is a function of the supercapacitor power
capability PCj. ., referred to the charging process. Considering
the above mentioned assumptions, even the current iy, can
be easily calculated as:

PCSc,ch + Pl,sc

lqulimIt = 3_ 20

EpLM (iJS'l,rated +id3'2,rated rm,t0 ( )

The evaluation of supercapacitor power capability PCj. ., is
performed by using (8), considering the actual SOC;,
estimation provided by (7) and a typical time horizon A4¢ of 5 s
for the braking operation, [24]. The working point of the IMD
is thus established according to (18), complying with all the
aforementioned constraints. Finally, Fig. 3 displays all viable
operating points satisfying the demanded torque 7, juna and
the working point allowing to extract the maximum energy
during braking while satisfying the operating limits associated
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to the storage units technologies. It is worth noting the
simplicity of the control structure to reflect the current limits of
the storage units in terms of limits in the torque and flux
current components associated to each SM composing the
IMD.

Similar control strategies can be implemented in the IMD

for the other working scenarios reported in Figs. 5-9, by
including different technical constraints.
In particular, during the brake release scenario, displayed in
Fig. 5, the current iy is assigned considering (19). On the
contrary, the current iy is related to the actual power
capability of the supercapacitor PCj. 4 during the discharging
process:

P Csc,ds + Pl,sc

lqulimn‘ = 21
%pLM (idsl,rated + idsZ,ruted )a)rm,t() ( )
The reference currents on d axis iy; and iz, have to be
established equal to their rated values, while the sum i,; + iy
is null since no active power flows towards the rotor.

This scenario is not convenient from an energetic point of view
because the power conversion requires a double stage: DC to
AC quantities (supercapacitor to machine) and AC to DC
quantities (machine to battery). However, it represents an
optimal solution for safety reasons, whenever it is necessary to
discharge the supercapacitor as the SOC;. is close to its
maximum level.

The relationships (22) summarize the technical constraints
considered for this working mode.

0

gy +i

qs2 =

iqs]llmlf = f(ibt,ch) = (19) (22)
iqs211mlt = f(PCsc,ds) = (21)

|lqs1| < |lqs111m/t

lqs2 < quthlt

Constraints:

~ | Supercap SOC

| Supercap power capability

Battery SOC

Battery charge control (CC or CV)

Brake
pedal

Time horizon: 10 to 50 sec

Brake release 45 currents

Lds1=lds1 rated

Supercap (sc) Tds2=1ds2 rated

iL[.\Z/um/ :,f‘(PC.w‘d\)
=

—— s tig2=0

lqs] A

lgs2 e (Operating points

Operating point referring to
: battery charging strategy

\ ic/.s‘l/mul :f(ibl, c/z)

Fig. 5. Brake release scenario.

During the acceleration scenario both storage units transfer

active power towards the mechanical system, under the
technical constraints indicated in (23).
Both the limits on g axis i, currents are related to the power
capability of the storage units. Hence, the allowed operating
range, which is highlighted in Fig. 6, depends on the actual
SOC of each storage unit.
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. . _ T, e, demand
lqs] +lq32 -
3 pLM (ldsl rated T lds2rated )
T, e, demand <T IM rated (23)
lqs] < lqs]limn‘ lqs]lxmit = f(PCbt,ds) = (24)
lqu < iqSthit iqulimn‘ = f(PCsc,ds) = (25)

with:
PClas + Py

i , . =

gs1limit 3 . ] (24)
—pL +i
2 M la’sl,rated ds2,rated J*?rm,rated

and:
PC

. sc,ds

_ + Pl,sc
lqs211mit -

— . . (25)
Ep LM (ldsl,rated + ldsz,mted )a)rm,rated

Constraints:

IM torque assessment

IM power capability
Supercap SOC

Supercap power capability
Battery SOC

Battery power capability
Time horizon: 5 to 15 sec

Battery (bt)

Throtile
pedal

Acceleration
145 currents:

Las1=lds1 rated

Supercap (sc)

iz/,\‘lluml :f(PCbl, d,\)
D

———— g Tlgsr=nSt=f(T e demand)
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lqsl 4 N

Operating points
/ DroViding T demanc
lqs 2 7 8 1 ¢, demand

0 B
Iq\‘_7/1ml/ :/(PC\L d,\)

Fig. 6. Acceleration scenario.

Even under this working condition the reference currents on d
axis iy and iz, have been forced equal to their rated values.
The sum i, + i, is proportional to the required torque
T.demana- In such scenario, the final speed is larger than the
initial. Unfortunately, the final speed in usually not known in
advance. For safety reasons regarding the current limits, a
viable way to assess the rotor speed is to assign its rated value,
as in (24) and (25).

Whenever the vehicle is moving at constant speed
exploiting a regenerative scenario, the analytical formulation
can be expressed by:

|iqs1| < lqs]llmit
iqs]llmit = f(ibr,ch) = (19) (26)
iqs2 =0

The reference currents on d axis iy; and iy, are equal to the
rated ones. The reference current i,; can be calculated by (19)
complying with the manufacturer recommendations.

Under certain conditions, the reference current i, could be
imposed at a value less than zero, thus transferring an amount
of energy to the supercapacitor. In such a case, the analytical
formulation is similar to that associated to the braking case but
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a longer time horizon has to be assigned. However, due to
such longer time horizon, the supercapacitor could reach a
SOC;. value close to the maximum level, leading to the
necessity to discharge the supercapacitor in order to get ready
for a future recharge.

Battery (bt)
Throttle Vv
pedal

Constraints:

- | IM torque assessment

Battery SOC

Battery charge control (CC or CV)

Time horizon: 15 minutes

Constant HEV"

speed,
regenerative
scenario

I4s currents:
Tas1=lds 1, rated

Supercap (sc) Las2=1ds2 rated

iqs]

igs2=0

e (Operating points

‘ Operating point referring to
battery charging strategy

Fig. 7. Constant HEV speed, regenerative scenario.

Differently than last operating condition, when the vehicle
is moving at constant speed it could be raise the possibility to
supply the mechanical system from the storage units (fuel
saving scenario); in that case the technical constraints are:

. . _ T, e, demand
lqs] + lqs2 -

5 PLy (ldsl + ldsZ)
T, e,demand <T, IM,rated

iqs]limn‘ = f(PCbt,ds) = (24) (27)
= f(PCsc,ds) = (25)
(iqs] ’ iqs2 ’ idsl’ ids2) = (l;sl ’ i;xZ ’ i;s] ’ 1232)

-* 0* K 0* .
(Lgs1+1gs2+1as - 1as2 ) — max efficiency

lqs] < lqs]limn‘

lqs2 < lqs211mit lqs211mit

Here the main goal is to maximize the efficiency in order to get
a significant fuel saving. Hence, the currents with superscript *
represent the best set in terms of losses reduction, including the
losses on battery and supercapacitor. The identification of
these currents is not the focus of this study.

Battery (bt)

Constraints:

Throttle
pedal

Supercap power capability

Battery SOC
Battery power capability
Constant HEV| Efficiency
speed, fuel Time horizon: 15 to 30 minutes
saving igs currents:

scenario 0 N . dasr=ias™

Supercap (sc) iriae®
. - — 7 2]

lqsl A Iz/,\l/mm 7}((P(~ /7/,(/\)
N D) .
- gy Tigso=enst=f{T . demana)
Oper
)perating points 10
} provide T genana
lgs2
qs2
_ ' Operating point to
0 - N maximize efficiency
™~
lq,\.’/um/7]/([)(«&0,(/\)

Fig. 8. Constant HEV speed, fuel saving scenario.
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The current iy can be calculated by (24), since it depends
on the PCy, during discharge. The value iyim: is related to the
PC;. 4 and it can be calculated by (25).

The amount of energy necessary to crank the engine is
usually provided by the battery. A temporary increase in
maximum voltages and currents can be accepted in the battery
pack depending on the value of the demanded cranking torque
T, cranking- The value iy depends on actual PCp, . If the
actual PCy 4 is too low, thanks to the proposed IMD, the
supercapacitor could be used in place of the battery. In this
case the torque components of the stator current are given by:

lqs2 =0

T,

e,cranking

g1 =5 @8)

5 pLy, (lds],rafed + 1452 rated )

iqs] < iqs]ltmit iqs]ltmit = f(Pbe,ds) = (24)

. Constraints:

~~" | IM torque assessment
Battery SOC

Battery power capability

Engine

L Time horizon: 1 to 5 sec
Cranking

igs currents:
Tds=ldst rated

{as2=las2 rated

Supercap (sc)

quI ‘ l.qs'l/imll:,f([)(jh/.d\')

- =S e demand)
- O . Operating point for
engine cranking

iqu

iz/.s? :\Q M

Fig. 9. Engine cranking scenario.

5. Simulations and Experimental Validation

The validation of the proposed energy management
strategy for HEV parallel drivetrains has been conducted
through simulations as well as experimental tests.

(a).Simulations:

The simulations have been implemented considering a scaled
reduced-power system. Technical data of the main
components composing the simulated IMD system are
summarized in Table 1.

Table 1 Technical specifications of IMD and storage units.

Multi Winding; gz;lt;;tian Machine SM, SM,
Rated Voltage (V) 266 133
Rated Frequency (Hz) 50 50
Rated speed (rpm) 1470 1470
Rated current (A) 4.86 4.86
Storage Unit 1 - Battery Storage Unit 2 - Supercap
(ny 24 V batteries in series) (ns 16 V supercapacitors in series)
Rated Voltage (V) 24 Rated Voltage (V) 16
Rated Capacity (Ah) 72 Rated Capacity (F) 9.5
Nt 19 ESR (mQ) 53
Technology VRLA Nge 19
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A random driving cycle including the considered scenarios is
shown in Fig. 10. The reference gd currents are calculated by
using the analytical formulations described above.

Table 2 Numerical Resolution of system (18)
a. | PCp=2.2 kW, @, v=135 rad/s = T, gemans=16.3 Nm

b. idslz ids],rated:1-84 A, idsZZ idsZ,ratedZO-S A

C. Te,demand» ids]y idsZ - iq31+iq32z10 A
d. SOC[,,‘,()=60% — ib,‘chzl A— l'qS]/Im,,:ZJS A

41=5's, SOCy. =80%, SOCic 1ntx=95% —
— PCye =1300 W — dpoyii~7.5 A

f. | q axis reference currents: i, =2.5 A, iy =7.5 A

| Brake | Brake | Thronte pedal | 1
1y state | . pedal I pedal I n o Throttle
i =0 | / - pedal
51
qu} 0 I I I I Constant HEV speed,
140 | Braking | Brake release | Acceleration | "8eneraive scenario
. T T ; : T T T
120 T | Oy (rad’s) |
o | | | |
60 | | . . | |
) . N
I 1 T ' |
10 r ) 1. (Nm) ]
o — _
-10 | | =T
N | | ) |
2 ‘ ‘ | ‘ !
o T P l—>,
0 = Py
Byt i [—
2 I I I "2
10 t . , ‘ . )
5k ! ! lgstr 1gs2 (4) ll i T
0 _-4 — | { ast
I w— | s B
10 T T | | | |
[ | |
15 i T | | 1—
05 |amamy ) st
e T ] ] 1 ‘ —] s
fast, ias2 (A) “2
205 I I | I I | I

BB B
-
QB G
T
) L

Vi (V)

; ;

Tvsmean (4) ;/,-———-—k

R T T | I :

60.02% ; ; ; ; T

60.00% | ]
r SOCy (%) 4

59.98% : : : . :

|
280 (92%) : : : : ] ‘
|
|
i
T

|

| J
27088%) [ | | 1
260 (85%) | 1
250 82%) || Ve (V), SOCs. (%) I b
240 (79%) . ! ! ! : f '

-
o
S

F

— == —1r
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|
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| Jabes2 (4) | |
|
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L
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Fig. 10. Simulation of random driving cycles including the
analyzed operating scenarios.
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For instance, during the braking interval from 1 s to 6 s, the
numerical resolution of the system (18) is in Table 2.

In the next period starting from 6 s to 12 s, the power is
directed from the supercapacitor to the battery pack. It can be
observed that the charge current of battery is still kept
constant, equal to the previous step. In this case, a CC
regulation is implemented with a low current level, according
to the battery datasheet. The SOC,, decreases because of the
energy transferred between the storage units. In this way the
supercapacitor is discharged in the expectation of a possible
subsequent recharge. From 12 s to 16 s, the supercapacitor is
again forced to discharge because of an acceleration of the
vehicle. It can be observed that, due to the actual PC,,, and
PCj.4 values, the bigger contribution in terms of
electromagnetic torque is provided by the SM supplied from
the battery. In the final period starting from 16 s to the end of
simulation, the battery is again recharged performing a CC
regulation while no energy flows to the supercapacitor.

(b).Experimental tests:

Experimental analysis has been conducted in order to verify
the effectiveness of the proposed control strategy for the IMD.
In the experimental test bench, the machine is the same multi
winding induction motor that has been previously used in the
simulations, whose technical data are summarized in Table 1.
The storage unit 1 is a 120 V 27 Ah VRLA battery pack, while
the storage unit 2 consists of a 84 V 27 Ah VRLA battery
pack. In the experimental setup, the drivetrain is mechanically
coupled to another induction motor drive in which a IFOC is
implemented to impose a given speed profile over time, [25].
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Fig. 11. Experimental test. Regenerative scenario at constant
HEV speed; the initial SOC,, of the storage unit 1 is
close to 70% of its rated value.
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For the sake of example, Fig. 11 shows the main mechanical
and electrical quantities acquired considering the operating
scenario represented in Fig. 7 and in the last part of the
simulation of Fig. 10 (16 s to 18 s). In such a case, the HEV
travels at a quasi-constant speed (e.g. in a highway) with a
time horizon of several minutes.
A certain amount of regenerative energy can be obtained from
the drivetrain and used to recharge the storage unit 1, while no
energy flows towards the storage unit 2. The main constraint is
related to the PC,, ., i.e. to the charge current iy, ., according to
the relationships (15) and (16).
The value of iy, is given by the battery manufacturer as a
function of the actual SOCj,. This circumstance is pointed out
in Fig. 11. Since the actual SOCy, is about 70%, in the battery
datasheet the recommended control is the CC regulation while
the optimal charge current for a long time horizon is fixed to
about 1 A. In Fig. 11 it can be observed that these constraints
are respected. The currents iy, i4, iys2 and iy, have the same
values used in simulations i.e. the same values reported in Fig.
10 from 16 sto 18 s.
Fig. 12 shows a similar operating scenario but with a greater
SOC,, value. Due to the long term horizon (several minutes)
the PCy, ., estimation needs to be frequently updated since it
could decrease very fast while SOCy, increases.
In Fig. 12 it can be observed that each PC,, ., update,
occurring while SOC,, increases, leads to a decrease in the
value assigned for ;.
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Fig. 12. Experimental test. Regenerative scenario at constant
HEV speed; the initial SOC,, of the storage unit 1 is
close to 80% of its rated value.
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Furthermore, this control strategy satisfies the battery
datasheet recommendations. In fact, since the actual SOC,, is
about 80%, it is recommended by the manufacturer to
progressively reduce the charge current until reaching a CV
regulation state, as highlighted in Fig. 12 on the right part of
the battery voltage waveform.

Fig. 13 shows an example of brake release scenario, described
in Fig. 5 and in (22). No active power flows towards the rotor.
The energy flows from the storage unit 1 to the storage unit 2.
In fact, the voltage of battery pack 1 decreases while, at the
same time, the voltage of battery pack 2 increases.
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Fig. 13. Experimental test. Brake release scenario.

5. Conclusions

This paper deals with an innovative energy management
strategy for hybrid electric vehicle parallel drivetrains by
exploiting an integrated multi-drives system.

Thanks to a suitable modeling for the induction machine,
supercapacitors and batteries, an optimal vector control
strategy is proposed to improve the energy efficiency of the
system while taking into consideration the technical constraints
related to the energy storage technologies in each possible
operating scenario. A good agreement between simulations and
experimental results has been achieved.
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