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Abstract—In this paper the Power-Oriented Graphs (POG) X1 Xo xle
technique is used for modeling planetary gears and hybrid ‘ ‘ ‘ ‘
automotive systems. The POG technique allows to graphicall } } } }
o!esc_ribe the dynamic mod(_al of any type o_f physical system |G(s)| | |
(in different energetic domains) putting in evidence the pwer [ [ [ [
1o Use. oasy 10 Understand even by a neophyle and can be S IR
use, u .
directly impl)e/mented in Simulink. Be)(/:ause oftﬁe POG mod- Yy o Y2
ular structure, complex physical systems can be modeled by a)e. b. b) c. b.

composing subsystems models. Following this approach a wieo Figure 1. POG basic blocks and variablesel@boration blockb) connection
power-split hybrid vehicle is modeled, starting from modelng block
its main subsystems: planetary gear, internal combustionrgine,
multi-phase synchronous motor and vehicle dynamics. Simation
results of the modeled hybrid system end the paper. for representing both scalar and vectorial systems. In the
vectorial caseG(s) and K are matricesG(s) is always a
square matrix composed by positive real transfer functions

The analysis of the dynamic behavior of hybrid electrimatrix K can also be rectangular. The circle present in the e.b.
vehicles is nowadays a very important topic, especiallyirgm is a summation element and the black spot represents a minus
at reducing fuel consumption and exhaust emissions. Thsigin that multiplies the entering variable. The main featof
paper deals with power-split propulsion system of hybr&tel the Power-Oriented Graphs is to keep a direct correspordenc
tric vehicles, in particular the one equipped with an in&rnbetween the dashed sections of the graphs and real power
combustion engine and a multi-phase synchronous machigections of the modeled systems: the scalar pradiycpf the
where the power split is carried out by means of a planetaiyo power vectorsx andy involved in each dashed line of a
gear system. In this paper the Power-Oriented Graphs (PQ$&wer-oriented graph, see Fig. 1, has the physical meariing o
modeling technique is exploited to provide the models of ththe power flowing through that particular sectiohhe Bond
considered dynamic systems: a planetary gear with inter@aphs technique, see [5] and [3], is based on the same idea,
elasticity and dissipation, a multi-phase permanent miagmait it uses a different and specific graphical represematio
synchronous motor and a power-split hybrid vehicle. Theepap Each Physical Element interacts with the external world
is organized as follows: Sec. Il describes the basic pr@sertthrough the power sections associated to its terminalsthamo
of the POG modeling technique; Sec. Ill, IV and V showmportant property of the POG technique is the direct cor-
respectively, the POG dynamic models of planetary gearespondence between POG schemes and corresponding state
electric motor and of the hybrid propulsion system; in Selc. \épace dynamic equations. For example, the POG scheme
some simulation results are reported. shown in Fig. 2 can be represented by the state space ecquation
(1) whereenergy matrixL is symmetric and positive definite:
L = L™ > 0. It can be easily shown that whdd = 0 it

The Power-Oriented Graphs technique [7] is suitable féollows thatC = B™. When an eigenvalue of matrix tends
modeling physical systems. The POG block schemes are nmrzero (or to infinity), system (1) degenerates towards a&fow
mal block diagrams combined with a particular modular strudimension dynamic system. In this case, the dynamic model of
ture based on the use of the two blocks shown in Fig. 1.a atie “reduced” system, see (2), can be obtained from (1) using
Fig. 1.b: theelaboration block(e.b.) stores and/or dissipatesa simple “congruent” transformatiox = T z where (if T is
energy (i.e. springs, masses, dampers, capacities, amttes, constant)L = T'LT, A = T'AT, B =T'B, C = CT and
resistances, etc.); theonnection blockc.b.) redistributes the D = D. The POG scheme of Fig. 2 can also be easily input-
power within the system without storing nor dissipatingreiye output inverted, both graphically and mathematically,rass

(i.e. gears, transformers, etc.). The e.b. and the c.budtabte in Fig. 3. In this casd. =L, A = A+BD*C, B = BD?,

I. INTRODUCTION

Il. POWER-ORIENTED GRAPHS BASIC PRINCIPLES
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Figure 2. POG block scheme of a generic dynamic system.

u ;"_A‘ Lx=-Ax+B y @) Figure 4. Planetary gear and related parameters.
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Figure 3. POG block scheme of the input-output invertedesyst o . (_6)
wherez = T3X, L = T;LTs;, A = T;A T3, B =T; B,
C =[C,, C;] =B" = [B], B}], D =0 and where:

r‘ g~ » |—

C = -D'C and D = D" are the matrices of the inverted F. o L0 0
system (3). z1=|wp |, Zo=|we |, Li=| 0 J, 0 |,
c’r‘| Wy 0 0 ch'r‘|
I1l. POG MODELING OF A PLANETARY GEAR 0 Tp 0 000
A= [—?"p ~dser?—r2der—bp —1p|, Bi= 000],
Let us consider the planetary gear in Fig. 4. The main "p 000
parameters of the system arg:andr, sun and planet radii; - e 0 100
Js, bs, Je, be, J andb,. inertia and linear friction coefficients Ai>= l—rsdscrp rsdscTp—TpTrrder Tprrder |, Bo= 0101,
of the sun, carrier and ring, respectiveliiy., d.., K., and 0 rr —r 001

d., stiffness and friction coefficients of the sun-carrier and —r. —redscrp 0 000
carrier-ring elastic elements, respectively. The extdrei®@G Aoy =| s rsdserp —rprrder —rr|,  D=[000],
dynamic model of the considered planetary gear is shown in 0 000

TpTTdCT Tr

the upper part of Fig. 5: the carrier, the planets and the ring —bs — 12dsc r2d,e 0
interact each other through the two elastic eleméfits and Ay = l r2dse  —bc — r§2dsc —r2der r?ndcr2 ]
K,.. The corresponding state space dynamic equations are 0 rrder —br —rider
shown in lower part of Fig. 5: The last equation of system (6) shows the following algebrai
. _ — relation between the state and input variables:
Lx=-AX+Buy, y=BX (5)
Az z1+Axz; +Bau=0
A. Reduced elastic model Since matrixA ., is invertible, vectorz, can be expressed as:
For certain applications the POG model of Fig. 5 can be 7o = —AJAz 71 — A},Bou

too much detailed. In these cases it can be of interest to find ving the followi ¢ lar t f tion:
some reduced models, see [11]. Using the POG reductfgﬂp ying the following rectanguiar transtormation.

technique it is possible to obtain from (4) a reduced elastic I, 0
model whenJs, J. and J, go to zero. Applying to (4) the z= ~ A%, Ay z1 + _AL B, u
following transformation: - -
T, T,
(1) 8 8 (1) 8 8 to system (6) (i.,eLz = —A z+Bu andy = Cz+D u), one
_ ~lo10000 obtains the following reduced system (note thel', = 0):
X =T;z, where T3 = 000010

TLT.2 = -TIAT.z +T,(B-—AT,)u

y=CT,z1+(D+CT,)u

001000
000001
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Figure 6. POG state space equations of the reduced plarggarywhen/; = J. = J, = 0 and the velocities are the inputs.

that in compact form is:

Le Z1 = _Ae z + Be u, y = szl + D;u (8)

where matriced.., A., B., C. andD, are:

L. =TILT. =Ly,

—A,=-TIAT, =A; — A2 A} Ao,
B.=T.(B-AT,) =B; — Ajx A}, By,
C.=CT,=C; —CyA} Ay,

D,=D+CT,=D-C,A%B,.

B. Reduced dissipative models

A dissipative static model of the planetary gear can be
obtained from the extended model (4) when stiffness coef-
ficients K., and K. tend to infinity and inertias go to zero
Js=J.=J,=J. =0, that is whenL = 0:

x=A Bu, y=Du=B A Bu.

—

9)

Matrix D is singular and therefore all the torque vectors
u = [7,, 7., 7-]* which belong to the kernel of matrib, i.e.
which are parallel to vectok; = [rs, —r,.—rg, |7, dO not
influence the output velocitieg = |ws, w., w,]". Moreover,
all the velocitiesy obtained from (9) are perpendicular to

Since matrixD. is invertible, system (8) can be input-outpuyectork,, i.e. the vectory satisfies the relation:
inverted using the relations shown in Fig. 3. The state space

equationd., x = —A,x+ B, u andy = C, x+ D, u of the
inverted-reduced system are shown in (7) in Fig. 6 where:

L.=L., A,.=A.+B.,D!C., B.=B.,D}, C.=-D!C,,

X=11, ﬁ:y:[WSanwr]Tv y:u:[TSaTmTr]Ta f)e:Dz-

kly=0 < rsws— (rp+7rs)we+rrwyr = 0.

(10)

IV. ELECTRICAL MOTORS MODELING

In this paper we refer to a permanent magnet synchronous
motor (PMSM) with anodd numberm, of star-connected
phases [10] characterized by the parameters shown in Tab. I.



ms number of motor phases; - M A .

i AUMDbET of polar expansions: whereL. = Lso+75* Mo andw_e..For the considered ro.tor
9, 0., electric and rotor angular position8:= p 0,,; flux (]5(9), the torque vectorK - (9) IS constant, see [8], with
w, wm | electric and rotor angular velocitiest = pw,; the following expression:

Rs i-th stator phase resistance;

Ls i-th stator phase self induction coefficient; k

Mo maximum value of mutual inductance between stator phases; W — % 0 (14)

Pe maximum value of functiorp.(0); T="%cP 2 kag

Jm rotor moment of inertia; 1:2:m—2

bm rotor linear friction coefficient; ) . ) o

Tm electromotive torque acting on the rotor; Note that using this transformation the original state spac

Ts EXte_ma' '0?d fg_fqule acting on the rotor; ¥; has been transformed intons — 1)/2 two-dimensional

s asic angular displacement(= 2r/m.) orthogonal subspaces and the-phase machine can be seen

Table | as (ms — 1)/2 two-dimensional machines. The POG block

PARAMETERS OF THE MULTIFPHASE SYNCHRONOUS MOTOR .
scheme of the synchronous motor in the transformed space

Y., see eg. (13), is shown in Fig. 7. The torque control of the

wv UJE
. . ¢ e L] S | e
Let us introduce the following current and voltage statorYs ™" T¢[ 4 K-
vectors: | | | |
; h ; h ! I !
L=[Ln], "Vs=[Ven ] (11) | | | |
1l:myg 1l:mg I | + N“JTs“LA“Rs|
\ o] ! \
where the following notation is used: | L] T |
i olderTlde Yo Llowr
ail a2 -+ Qim I +4*T; e o1 > ™K
i j as  a a2m ! Lo _ r—
| ai j ]| — . . . . | =S| Electrical part | Conversion |
1in Ll:m . . . ® ©) ® @ ®
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Figure 7. POG scheme of the PMSM in the transformed spage
Let define the inductance matritd., as follows:

PMSM is realized by the following control law:

i J
th =Ly Ims + My |[ COS((i — j)’ysl)‘ ]| wVSZ(MRS—F “J, st) YT, +YK, Wm_Kc(wIs—wId) (15)

1:mg
where“1, is the constant desired current akid. > 0 is a

with Lyo = Ly — Myo. The resistance matrix iR, = R, L, diagonal matrix used for the tuning of the control, see [10].

and we consider a periodic rotor flux functigii?) expressed
in Fourier series asp(d) = Z?;‘l‘é a, cos(nf). Using a V. POGMODELING OF A HYBRID AUTOMOTIVE SYSTEM
“Lagrangian” approach, see [9], and applying transforomati  The considered power-split architecture is shown in Figt. 8:
"I, = “T;} “I, where the transformation matrix is: includes an internal combustion engine (ICE), a multi-ghas
Permanent Magnet Synchronous Machine (PMSM) and the

5 kl cos(k (0 — h,)) ]h vehicle [4]. The ICE is rigidly conn(_acted t_o_the Carrier (@ _
“Ty(0) = | — (12) PMSM to the Sun (S) and the vehicle driving axle to the Ring
Ms sin(k (6 — hs)) (R). This hybrid system can be represented by the “highlevel
1:22mgs—2 Oms—1
the dynamic equations of the electric motor in the transémm
rotating frame>,, are obtained: R
“Lg| 01 “I,]  [“Re+“Li“J K (0)][“L], [“V,
Pt R |
(13) 0000 —— c
where “L, = 'T] 'L, T, “Rs = 'Ry, “J, = 'TL!T, ®
and “V, = !TT 'V, Matrices “Ls; and “J, have the ICE : \
following diagonal structure: S f 0 fcontro
® o
Lse 00 -0 PMSM
0 Lee 0 --- 0 k _ , _
WL —| 0 0 Lyg-- 0 Ceg— H ko _]Sw " Figure 8. Scheme of the considered power structure of thigleeh
S “ 1:2:ms—2  POG block scheme of Fig. 9 where power secti@ds - ©

0 0 0 --- Ly correspond to the physical power sections indicated in &ig.
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Figure 10. Simulink block scheme of the considered hybridgrastructure.
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The block “Control” in Fig. 9 represents the electric PMSM
control. The POG model of the PMSM between secti@gps
and @ is given in Fig. 7, see [8] and [9]. The POG model 2w
of the planetary gear between sectio® and ® isthe g ®°~"7"7" \
elastic model given in Fig. 6. I the Ring is connected to £ ™ ‘
the driving shaft of the vehicle. The dynamics of the vehicle ©
is described by the POG model between sectiogBs and “U 50013
® , see [2] for details. Finally, last POG block describes the = 20003+

resistance of the aif,. = F,.(&,). ~1500] . -

500

=T==
~

4
Time [s]
VI. SIMULATION OF THE HYBRID PROPULSION SYSTEM Figure 12. Velocities and torques of the planetary gear:wsuitred, solid),

. . . ierw, (blue, dashed) and ring,. (black, dash-dotted).
The presented hybrid propulsion system has been mpfgfnem (blue, dashed) and ring, (black, dash-dotted)

mented in Matlab/Simulink and the obtained Simulink scheme
is shown in Fig. 10. The “start-and-stop” simulation result
reported in Fig. 1314 have been obtained with the ICE

N

4

.“',""ﬁ"‘"l“nl \‘M‘M I i I

WH"’UII" I

e
il

switched off, i.e.w. = 0, and controlling the multi-phase Voltages of the5-phase electric motor
| |
dashed linc). The welosity, of the vehicle followsiy with < ol Mmm\u“m\\\m\\\u“u\u‘u\u;\\uhM\w\m\\\MMh\\Hmwm\u\u(umuwwm
INIM !
il

electric motor in order to make the vehicle speed follow 500 “m‘wu‘\\‘M‘m\u‘uu‘\\‘u‘u‘m‘\{u‘uhu\Hwuu\\M‘HM\\‘WM‘ ‘ |
the trapezoidal velocity shapg; shown in Fig. 11 (red il U’M il
= o
a small delay because of the elastic horizontal slipping of ““"l‘l‘h"m’ ““‘M“‘)‘J“L
the tires on the ground. Main parameters of the vehicle: ““W\“”\\‘\“\\““H\“‘“\Hi\M‘M\‘\‘\‘\‘\‘\HM““”“”“M )

M, = 1272 kg vehicle mass;J,, = 3.459 kgm? wheels 00, : ? : ; : : . !
inertia; R, = 32.55 cm wheels radius;K; = 360000 c £ thes-oh lechi
N/m tires longitudinal stiffness. The angular velocitiesda 2 ; u‘rremsﬁj t ea_? 2se e‘ecmc moter
torques of the planetary gear are shown in Fig. 12. Parameter f """"M"m"V”"“W"M'W
f th I t s = 10.2 , rp = 24.8 , | i o
Pl Pl RS B 1 ’lJ»’l'u;'ﬁ»‘u«|mm|'1|‘||'¢'1’§'."m'1’0""'0%;

&

0.0812 kgn?, [by, bs, be, by] = [0.243, 0.148, 2.787, 6.541] ‘I“Wi”“imm“t 1'.,‘,'[[‘",'"l‘.,_‘,,jjfﬁ[‘]]“jmmmw
N m/rad. VoltagesV. and currentd. of the 5-phase PMSM |“wm'mMWIH\I\\MM\“‘H\‘h\“h\“

are shown in Fig. 13. Parameters of the PMSM with sinusoidal "
flux: Ry =1 Q, Ly = 0.01 H, Mg = 0.008 H, p. = 6 Time [s]
W, J,. = 0.529 kgm?, b,, = 0.08 Nms/rad. The power
flows within the system are shown in Fig. 1& power in

section@® (from the control unit towards the electric motor),

N

-20
0

Figure 13. \oltageV. and currentd. of the 5-phase electric motor.



Figure 14.

¢ Power flows : electrid’, planetaryP,, vehicle Ps.
25 T T T

Ti mia [s]

Powers entering the subsysterfis:electric motor (red, plain),

P> planetary gear (blue, dashed); vehicle (black, dash-dotted).

P, mechanical power in section®

(from the electrical

motor towards the planetary geady; mechanical power in
section ® (towards the vehicle). When € [0, 2] s the

vehicle accelerates and part of the power flowing towards the
vehicle dissipates within the electric motor and within the
planetary gear. Whene [4, 7] s the vehicle decelerates and an
amount of mechanical power flows from the vehicle towards

the electric motor thus acting as generator, see Fig. 14.

using the Power-Oriented Graphs technique. The main subsys
tems (internal combustion engine, multi-phase synchrenou
motor, planetary gear and vehicle dynamics) are modelled
taking advantages from the main features of POG such as
the possibility to reduce and transform systems. Simuiatio

VII. CONCLUSIONS

In this paper a power-split hybrid electric vehicle is makl

results show the effectiveness of the proposed models.
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