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Dynamic Modeling and Simulation of an Induction
Motor with Adaptive Backstepping Design of an
Input-Output Feedback Linearization Controller in
Series Hybrid Electric Vehicle
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Abstract: In this paper using Adaptive backstepping approach an adaptive rotor
flux observer which provides stator and rotor resistances estimation simulta-
neously for induction motor used in series hybrid electric vehicle is proposed.
The controller of induction motor (IM) is designed based on input-output
feedback linearization technique. Combining this controller with adaptive
backstepping observer the system is robust against rotor and stator resistances
uncertainties. In additional, mechanical components of a hybrid electric vehicle
are called from the Advanced Vehicle Simulator Software Library and then
linked with the electric motor. Finally, a typical series hybrid electric vehicle is
modeled and investigated. Various tests, such as acceleration traversing ramp,
and fuel consumption and emission are performed on the proposed model of a
series hybrid vehicle. Computer simulation results obtained, confirm the validity
and performance of the proposed IM control approach using for series hybrid
electric vehicle.
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1 Introduction

Nowadays the air pollution and economical issues are the major driving
forces in developing electric vehicles (EVs).

In recent years EVs and hybrid electric vehicles (HEVs) are the only
alternatives for a clean, efficient and environmentally friendly urban transporta-
tion system [1]. HEVs meet both consumer needs as well as car manufacturer
needs. They give the consumer the ability to use the car for long periods of time

"Islamic Azad University, Fereydan Branch, Esfahan, Tran; Email: mehran_j1356@yahoo.com

Dept. of Electrical & Computer Engineering, University of Tehran, Tehran 11365/4563, Iran;

*Dept. of Electrical & Computer Engineering, Isfahan University of Technology, Isfahan, Iran.

*Dept. of Electrical & Computer Engineering, Isfahan University of Technology, Isfahan, Iran;
Email :hamoghbeli@yahoo.com

119



M. Jalalifar, A.F. Payam, S.M.S. Nezhad, H. Moghbeli

without recharging. HEVs also take a giant step forward in meeting low
emission standards set by the Partnership for a New Generation of Vehicles.

Because of simple and rugged construction, low cast and maintenance, high
performance and sufficient starting torque and good ability of acceleration,
squirrel cage induction motor is a good candidate for EVs [2].

In this paper by using an input-output feedback linearization technique
combined with an adaptive backstepping observer in stator reference frame the
induction motor [3] using in series hybrid electric vehicle is controlled. One of
the best advantages of this control method is eliminating the flux sensor and
decreases the cost of controller in addition the control system is robust respect to
resistances variations and external load torque.

Advanced vehicle simulator (ADVISOR) provides the vehicle engineering
community with an easy-to-use, flexible, yet robust and supported analysis
package for advanced vehicle modeling. It is primarily used to quantify fuel
economy, the performance, and the emissions of vehicles that use alternative
technologies including fuel cells, batteries, electric motors, and ICE in hybrid
configurations. But the components in ADVISOR have been modeled simply
and only with static model to decrease the simulation time [4].

In this paper using MATLAB/SIMULINK software, dynamic modeling of
an induction motor that is used in series hybrid electric vehicle and controlled by
input-output feedback linearization method combined with adaptive
backstepping observer is investigated and then simulated separately by linking
the mechanical components for a series hybrid electric vehicle from the
ADVISOR software library. At the end, a typical HEV is modeled and investiga-
ted. Simulation results obtained show the IM and other components perfor-
mances for a typical city drive cycle.

2 The Performance of an Electric Vehicle

The first step in vehicle performance modeling is to write an equation for
the electric force. This is the force transmitted to the ground through the drive
wheels, and propelling the vehicle forward. This force must overcome the road
load and accelerate the vehicle as shown in Fig. 1 [5].

The rolling resistance is primarily due to the friction of the vehicle tires on
the road and can be written as:

Frou =1, Mg (1)
where M is the vehicle mass, f, is the rolling resistance coefficient and g is
gravity acceleration.

The aerodynamic drag is due to the friction of the body of vehicle moving
through the air. The formula for this component is as in the following:
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where & is the air mass density, and V/,C,, and A are the speed, the aerodynamic
coefficient, and the frontal area of the vehicle, respectively.

Fig. 1 — A summary of forces on a vehicle.

The gravity force due to the slope of the road can be expressed by:
fgmde =Mgsina, 3)

where o is the grade angle.

In addition to the forces shown in Fig. 3, another one is needed to provide
the linear acceleration of the vehicle given by:

dv
L =Mo=M—. 4
/;lLL dt ( )
The propulsion system must now overcome the road loads and accelerate
the vehicle by the tractive force, F,,, as follows:
F;U! :f;<)l/ + fAD + grade + acc * (5)

A typical road load characteristic as a function of the speed and mass of a
vehicle is shown in Fig. 2.

Road load force(N)

Vehicle mass(Kg) snp 0

Vehicle spead(Km/h)
Fig. 2 — The road profile as a function of speed and mass of a vehicle (a0 = 0°).
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Wheels and axels convert F,,

angular speed requirements for the differential as follow [4]:
14

and the speed of vehicle to torque and

T

wheel —

F r

tot" wheel » ® (6)

wheel >
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where T and o, , are the tractive torque, the radius, and the angular

wheel >

velocity at the wheels, respectively.

r

wheel > whee

The angular velocity and torque of the wheels are converted to motor rpm
and motor torque requirements using the gears ratio at differential and gearbox
as follows:

T

wheel

T =

m > (7)
GG,

(Dm = Gfngh(D

wheel >

where G, and G, are respectively differential and gear box gears ratios.

A series HEV consists of two major group components as shown in Fig. 3:
- Mechanical components (engine, wheels, axels and transmission box) and

- Electrical components (batteries and electric motor).
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Fig. 3 — A series hybrid electric vehicle.

3 Electric Motor

Due to the simple and rugged construction, low cast and maintenance, high

performance and sufficient starting torque and good ability of acceleration,
squirrel cage induction motor is one of the well suited motors for the electric
propulsion systems [6]. In this section first modeling of the induction motor in
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stator fixed reference frame and then designing an input-output controller
combined with adaptive backstepping observer for IM [3] is investigated.

A. Input-Output Feedback linearization Controller Design
The square of rotor flux amplitude is taken as the first output of the
controlled system
yl = Wraz + Wrbz = Wrz’ (8)
6 =N~ :Wrz _\V:Z,

where y’ is the reference signal for rotor flux amplitude.

Differentiating y, so much inputs (u,,,u ) appear in our equations,

sa?

R R R R
), =2 -y, +—Mi_ |+2 — vy, +—Mi, |. 9
yl Wra [ L “Vra L saJ \‘Vrb ( L LVrb L sb j ( )

r r r r

Then

R R R
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r r r

R
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If e, dynamic force to be
ke +k,é +k,e =0,
we have

k(= )+ k(0 =0 ks (= 3,) =0,

.k, . . k ..
P =20 =)+ — )+ iy, =
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Now the motor developed electromagnetic torque is considered as the
second output
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n M

- Iy =0
2Lr (wm sb “V;b All) (12)

e, =y, = Yy =te—te

yzzte:

where te” is the reference signal for developed electromagnetic torque.

Time derivative of y, is:

Sy an _ nl’M ® _ M2Rr +L3Rs l + usb +
y 2 2 Lr Wra o LS Lr Wra o LS Li sh c LS
i =By n oy, |y, [y, S MRALR e )y
sb Lr Wra P “Vrb “Vrb o LS Lr “Vrh o LS Li sa o LS
_lsa L__Wrb + np(’OWm J}
By setting e, dynamic as
kyé, +kye, =0,
we have
by (3 = V0a) H ko (¥, = 1,,) =0,
) _kﬁ _ Y _@ r_ fo” 14
Vo === (Vog = V2)+ g =—(te" —te) +1le’. (14)

k21 k21

Setting right side of (13) equal to right side of (14), another equation for
inputs is achieved

an _ nI’M ® _ Mer + LiRv i+ usb +
2L, Ve oL L, e oL.I! " ol

R ew n,,M(D _M2Rr+LfRSl, PR TS
sb L Wra P “Vrb “Vrb GLSLF “Vrb GLYLi sa GLS

o

(R k. . -
—i, (_L_W’h +npc0\pmj}:k—22(te —te)+1le".

r 21

Now, from system of two equations, (6 and 10), inputs (u,,u ) are found.

To proof the stability of proposed controller, note that according to
dynamics of e,e,, if initially ¢ (0)=¢(0)=0 and also e,(0)=0, then
e(t),e,(t)=0, Vt=0, perfect tracking is achieved; otherwise, e (¢),e,(t)
converges to zero exponentially [7].
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B. Adaptive Backstepping Observer Design
Stator current is measurable and is taken as output:

ya:isa’yb:l.sb‘ (16)

The prediction model for the backstepping observer is chosen to be

A A

) R . . R
pw;‘a :_L \'Vm _npwwrb +L_Mya9

r r

A A

. R R
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0 2P 25 a7

. _ MR mM . MR +LR

] =—- 3 B — D —
p sa GLALi Wm GLer Wrb GLSLi a GL sa a
MR, . nM o _ MR +LR LN
GLYLi Wrb GLSLF Wra GL YLi yb GL sb b>

s

+—u_+v,

s

plsb =

where p is the differential operator and v,,v, are the control input to be
designed by the backstepping method.
The dynamical equations for the prediction errors are

- R R . . R
A —L—:wm —L—:wm —n,0y, +L—:Mya,
N R R _ . R
PV, = _L_rth —ZW,~h +n,0,, +L_rMyh9
. MR MR _  nM _ MR +IR
Di, = oL L Wy + oL L Wy + oL L oy, —Wya +V  (18)
- MR MR _ nM _ MR +I'R
Py, = oL’ W+ oLI W — oL L oy, = ol I’ Yo Vo
Y. =i,
Y, =i,
where
\Tf,j=f|fm—wm,\|7rb=\Tf,b—w,h,ia=ia—im, (19)

isb:l.sb_isb’ Rr:Rr_Rr’Rr:jér_Rr'
The first step in the backstepping strategy is to design a stable controller for

the integral of the prediction errors y ,y, using iw,is as virtual control
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variables with stabilizing functions ¢,,¢, which is reference for virtual

variables. The integral of the prediction errors Xa, Xp are

PXa =lay  DXb =l (20)
Adding and subtracting ¢_,¢, to above equations
PRe =z —C e Rz -,
Z o =ia—0,, 2, =ip—0,, Q1)
b, =—¢,xas O, :—Cl;Cb.
The second step in the backstepping strategy is the control of
2, =i+ € Xay Z, =i +C X (22)
Taking the derivative of z, and z,,
GLSNLr GLSALF oL L, G~L L ) (23)
. MR MR . nM _ M’R +LR, -
O I o I AR
and selecting following control inputs
MR _  n,M . 3
P oL Wi — oL L O, =G, —CZ, =X,
A (24)
v, =— MR’2 V, + n, M oy, —cl, —cz, — %,
oL L oL L,
yields
. MR M*R +’R, 3
2, = oL Wi ol I Vo =CrZ, = Xy
N - - (25)
MR M’R + LR,

Yy = CZy =X

Yo" oLl

where ¢, and ¢, are positive constant design parameters.
Stability analysis of observer is done by the following Lyapunov candidate:

s r

V:%{x5+x:+zz+z:+m+@zb+Yifef+iéf} 26)

Derivating V' along the dynamics of (18, 21 and 25) yields
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By selecting following adaptation laws
djé.r _ ZaLi + ZbLi
a0 oL I Ya oL I’ Y
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we have V <0 outside the equilibrium point
(X,.%,,2,,2,,¥,,.¥,,)= (0,0,0,0,0,0).
Based on the Barbalat’s Lemma, we can obtain X,,%,,z,, z,,\y,,,{,, will

converge to zero as ¢ —> oo . Therefore, the proposed observer is stable, even if
parametric uncertainties exist [8]. The block diagram of the proposed controller
is given in Fig. 4.
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Fig. 4 — Block diagram of proposed controller.
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4 Battery Modeling

The battery considered in this paper is of the NiMH type for which a simple
model is assumed. Therefore, a simplified version of the complex battery model
reported in [9] is used.

5 Simulation Results

Simulation results presented in this section, focus on the dynamic behavior
of IM and the battery of the vehicle. First the system is simulated for
ECE+EUDC test cycle. This cycle is used for emission certification of light duty
vehicles in Europe. Due to the electric motor has been modeled dynamically in
SIMULINK. The data for IM and EV is in the appendix.

Fig. 5 shows the simulation block diagram.
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Fig. 5§ — Simulation block diagram.

/I/,.
Z
8

The drive cycle gives the required vehicle speed then the torque and speed
requested from the electric motor. The current drawn from IM power supply
shows the battery performance. The dynamic behavior of the IM in the
ECE+EUDC drive cycle is shown in Figs. 6(a) and 6(d). Fig. 6(a) shows the
ECE drive cycle. Figs. 6(c) and 6(d) show the IM torque and average torque.

Finally, the system is simulated for fuel consumption and emissions test.
The results obtained are shown in Fig. 7 and Fig. 8. Fig. 7 shows the fuel consu-
mption and emissions of diesel engine when the motor is hot at the start of test,
and Fig. 8 shows the results when the engine is cool at the start of test. It is
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obvious that when the engine is cool, fuel consumption and emissions is
increases respect to the engine is hot.
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Fig. 6 — (a) ECE drive cycle, (b) Vehicle speed, (c) Average torque, (d) IM torque.
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Fig. 7 — (a) HC, (b) CO consumption.
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Fig. 8 — (a) HC, (b) CO consumption.
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Fig. 8 — (a) HC, (b) CO, (c) NOX, (d) PM, (e) Fuel consumption.

6 Conclusion

Steady-state simulation tools such as ADVISOR have been developed in
recent years for the design and analysis of electric and hybrid electric vehicles.
In the past, dynamic simulation models have focused mainly on the analysis of
control strategies. In this paper, the dynamic behavior of the electric motors with
input-output state feedback controller combined with adaptive backstepping
observer and batteries of a typical series hybrid EV is investigated and simulated
by Matlab/Simulink, has been presented and the performance and ability of
control strategy is investigated. Simulation results have also been shown the IM
dynamic behavior and batteries for various tests such as ECE+EUDC drive
cycle, maximum speed, traversing ramp and fuel consumption and emissions.
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Appendix
A. EV Data:
Vehicle total mass of 8200 kg; Air drag coefficient of 0.79; Rolling

resistance coefficient of 0.008; Wheel radius of 0.41 m; Level ground; Zero head
wind.

(1]
2]
[3]

[4]

[3]
(6]
(7]

(8]
[

B. The IM Parameters:

P, 75[kW] | X, 1.95[Q)]

P 189[kW] | X, 0.06[Q]
f 60[Hz] | X, 0.06[Q]
T, 209[Nm] | n, | 3600[r.p.m]

T o 520[Nm] | J 1.2[kgm’]
R, 0.02[Q] | P 2
R 0.01[Q)]
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