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Abstract

This paper presents a fuzzy control design approach which can meet the speed tracking

requirement when electric vehicles are operated on various traffic conditions. A T-S fuzzy

model for approximating the state equation of an electric vehicle propulsion system with

high energy efficiency-based ac motor drive is first proposed, and a robust fuzzy control

based on the T-S fuzzy model is then considered. The robust stabilization for the EV(electric

vehicle) propulsion system is cast into a linear matrix inequality (LMI) problem via roust

performance analysis, and the LMI problem can be solved efficiently by using the convex

optimization techniques. Computer simulations are presented for illustrating the performance

of the suggested control strategy.
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1. Introduction
One dominant issue of EV design is to

lengthen the running distance on one

battery charge. This implies the importance

of a high-efficiency motor drive. As

enhanced insulated gate bipolar transistors

(IGBT's) are used in the PWM inverter, the

loss of the inverter is negligible. Mutoh et

al. [1] proposes an energy saving strategy

for induction motors. The rotor and stator

copper losses and the core loss are

minimized, and the optimal ratio of

magnetizing current to the torque current is

derived. 

The stability and robustness problem

of the EV propulsion control systems is

also an important topic. Variable structure

control using a proper switching law can

drive the system into the predetermined

sliding mode, and according to the sliding

mode, the system can approach to its

equilibrium. Thus, the sliding mode control

approach can offer many good properties,

such as insensitivity to parameters

variation, external disturbance rejection,

and fast dynamic response [2]. One more

interesting design method of stabilization

strategy for complex nonlinear systems can

be as follows: first build a T-S fuzzy model

for approximating the nonlinear plant, and

a fuzzy model-based controller is then

synthesized utilizing the concept of

"parallel distributed compensation". Local

linear feedback controls can be designed

systematically by a generalized Lyapunov

function and some linear matrix

inequalities, and the closed-loop fuzzy

control system composed of the fuzzy

model and the PDC controller is globally

asymptotically stable [3,11]. 

In this paper, based on the optimal

relationship of the magnetizing current and

the torque current found by the energy-

saving control principle [1], the dynamics

model and a T-S fuzzy model for EV

propulsion systems with 3-phase AC

induction motor (IM) are first constructed.

Then, the parallel distributed compensation

(PDC) approach [3] is adopted for

synthesizing a robust speed tracking control

for EV propulsion systems. Through the

robust performance analysis for disturbance



rejection the control problem is translated

into a linear matrix inequality problem. By

considering it as a generalized eigenvalue

minimization problem (GEMP), the

required common Lyapunov matrix and the

local feedback gain matrices can be

decided. The derived LMI-based control

law can guarantee the stability and

robustness of an EV propulsion system

when it is driven from standstill to stable

cruise under various uncertainties.

The paper is organized as follows:

Section 2 presents the dynamics model of

an energy-saving EV propulsion system. In

Section 3, a T-S fuzzy model for the EV

propulsion system is proposed, and a LMI-

based robust speed control design using the

derived T-S fuzzy model is suggested.

Some representative simulation results are

shown in Section 4. Finally, conclusions are

made in Section 5.

2. Modeling of an Electric Vehicle
Propulsion System

Consider the power train for an EV

shown in Fig.1, where an ac induction

motor is used for generating the driving

torque. The dynamics model for the load

part consisting of reduction gears and a

differential gear for driving the rear wheels

of an EV will be derived by the first

principles. The ac induction motor is

assumed with the energy saving driving

strategy proposed by [1], and the complete

mathematical model for the power train

will be constructed.

The angular displacements of the

motor, the rear shaft and the rotor of the

rear wheels are defined as θm, θ1 and θ2,

respectively, as shown in Fig. 1. Let the

transmission ratio of the reduction gear

be N0=θm/θ1, and the reduction ratio for the

differential gears be Nd=θ1/θ2. Then the



load torque (Tl) equation can be derived

below.

Refer to Fig. 2, the equivalent

propulsion force Fp generated by the EV

drive system and the equation of motion of

the vehicle can be expressed as : 

where T2 is the driving torque on the rear

wheel shaft (as shown in Fig. 1), and r is

the wheel radius. The inertia resistance far

can be derived as: 

where v is the velocity of the vehicle, Jw =

Jw1 + Jw2 ( Jw1  and Jw2 are respectively the

moments of inertia of the front and rear

wheel shaft systems) is the total moment of

inertia of the rotation parts, and  m = mB

+m1 +m2 is the total mass, here mB , m1 , and

m2 are respectively the mass of the vehicle

body, the front and rear wheel shaft

systems.

The aerodynamic drag is given as:

where ζ is the air density, Cw is the

aerodynamic drag coefficient, A is the

vehicle frontal area, Vo is the head-wind

velocity, v+Vo is the velocity of the vehicle

relative to the head-wind, and sgn is the

sign function. The grade resistance is

where αs is the grade angle, αs is positive

for the upgrade case and negative for the

downgrade case. The rolling resistance frr

composed of the front and rear parts ( frr,1

andfrr,2 ) can be expressed as:



where K is the tire

rolling resistance coefficient [6,7], and  is

the gravity constant. By Eq. (1), we can

obtain

Since (refer to Fig. 1)

we have

where

here p=d/dt ; are the stator's

input voltage components along the q- and

d- axes of the rotor flux frame,

respectively; are the stator's

flux linkage components along the  q- and

d-  axes of the rf frame, respectively; rs and

rr are the resistances of the stator and rotor,

respectively; ωrf is the rotating velocity of

the rf frame; ωr is the rotating velocity of

the rotor; are the rotor's current

components along the q- and d- axes of the



rf frame, respectively; are

the rotor's flux linkage components along

the  q- and d- axes of the rf frame,

respectively; Te is the electromagnetic

torque of the motor; P is the number of

poles; Lm is the magnetization inductance;

Lr is the rotor's inductance; and Lls and Llr

are the leakage inductances of the stator

and rotor, respectively.    

By the principle of field orientation

and letting the d- axis be entirely aligned

with the rotor flux, we have, ,and

the torque equation can be simplified as

In order to generate the motor torque

with maximum efficiency, the total loss Pl

in the drive system must be a minimum.

The total loss Pl generated in the drive

system of an electric vehicle can be

summarized as follows [1]:

where

here rm is the core loss resistance, PSTR is

the stray load loss, PMEC is the

mechanical loss, and PINV is the inverter

loss. Only the losses Pl1 and PINV can be

controlled in the ac drive design. The loss

PINV is very small in comparison with the

loss Pl1, as long as enhanced insulated gate

bipolar transistors (IGBTs) are used in the

PWM inverter. In this case, the efficiency

of the inverter is generally more than 95%.

Thus, the PINV loss can be neglected.

Since  , by Eqs. (12) and (17),

we have

Usually, the response of is much

slower than those of 

almost equals zero. Hence Pl can be



simplified as

Substituting (16) into (18), we have

where is the motor torque

constant.

Let α be the ratio of the magnetizing

current to the torque current, i.e.,

Then  Pl1 can be expressed in terms of α :

The optimal ratio  that makes the

loss P1 a minimum can be derived by

letting :

Substituting

into the motor torque equation, we have

The dynamics model for the EV propulsion

system shown in Fig. 1 can thus be derived

as:

where ωm is the angular velocity of the

motor rotor in rad/s, Jl is the moment of

inertia of the motor shaft including the

reduction gear in this side. By substituting

(8) into (30), we have the complete

dynamics model as follows:



3. Fuzzy Model-Based Control
Design of Electric Vehicle
Propulsion System

The LMI techniques will be applied to

the stability analysis of an electric vehicle

propulsion control system. Defining the

state variables as:

can be rewritten as:

where

αs and Vo are considered as with

uncertainty. After some manipulations, (32)

can be rewritten as

where is the state

vector; is the input

variable;

with 

and and pu

including all the other terms is considered

as uncertainty. Without loss of generality,

we consider the major operating case of

sng(v+Vo)=1 and sng v=1

Since B is only a constant matrix, the

derivation of a T-S fuzzy model and then

the control design and finding of the

solution of LMIs become much less

difficult than the approaches directly based

on the original complex model.



Assume for the

nonlinear terms in Eq. (33). Defining z=X2,

the maximal and minimal values of z can

be deduced and expressed as below:

Choose z as the antecedent variable of the

T-S fuzzy model, we can define two fuzzy

sets with membership functions shown in

Fig. 3 in the universe of discourse of z.

Then a T-S fuzzy model can be constructed

analytically as follows:

Model Rule i:

where

The overall equation of the T-S fuzzy

model can be inferred as

where

here Ci (z) is the grade of membership of z

in fuzzy set Ci. By the membership

function definitions shown in Fig. 3, we

have

For arbitrary trajectory tracking

control, first define the tracking error

vector as

where is the

desired trajectory vector. Notice that

are the desired angular



displacement and velocity trajectories of

the rotor about its rotating axis,

respectively. Differentiating Eq. (38), we

have

Substituting (39) into the model rules (34),

we can obtain the T-S fuzzy model for the

error dynamics as follows:

Error Rule i :

The output of the error T-S fuzzy model

can be defuzzified as:

In this study, the PDC(Parallel Distributed

Compensation )[3,11]with control rules

constructed based on the T-S fuzzy model

rules is adopted for the fuzzy control

design. Each control rule has a linear state

feedback part and a feedforward part to

compensate for the effect of gravity, that is,

Control Rule i :

where So the design

objective is to determine the local feedback

gains Ki in the consequent parts of the

control rules via LMI.

The output of the PDC controller can be

inferred as:

By substituting (43) into (41), and since B

is a constant matrix in the T-S fuzzy model

and , the error dynamics for

the whole closed-loop system can be

derived as

For the consideration of robustness

with respect to the disturbance Pu , the

following robust performance requirement

[4] for the tracking error is to be met:



where , and is a symmetric

positive definite matrix. Equation (45)

means that the effect of Pu on the error

must be attenuated below a prescribed level

ρ. To synthesize the fuzzy controller that

can reject the external disturbances of an

electric vehicle propulsion control system,

we can select a positive definite function as

follows:

The requirement (45) for a prescribed

ρ>0 can be shown to be equivalent to the

following condition:

By integrating (47) from 0 to tf with initial

condition e (0)=0,we have

Thus,

Equation (49) implies (45). Therefore

if (47) holds, the robust performance

requirement can be guaranteed under Pu .

The LMI constraints can be derived

from (47). First, rewrite (47) as

and substituting (44) into (50),we have

That is,

Therefore, if the following constraints are

satisfied:



then Equation(52) holds. Employing the

Schur complements for nonstrict

inequalities [5],(53) becomes

Conditions (54) can be solved by

considering it as a generalized eigenvalue

minimization problem (GEMP), that is, to

maximize α  subject to the following

constraints:

Because the second inequalities in

(55) are not jointly convex in P and Ki , it

is difficult to find a common solution P and

Ki . Fortunately, the inequalities can be

transferred into matrix inequalities by

variable transformation.

Defining new variable X=P-1, and

multiplying the inequalities on the left and

right by X, we can obtain

Equation (56) can be rewritten as

where Mi ≡ KiX. That is, the PDC control

design problem can be transformed to the

problem of maximizing α subject to the

following linear matrix inequality

constraints:

If there exists a common X and Mi 's

satisfying the above LMI constraints, then

the common P and Ki can be obtained as

There exist methods in the literature for

solving the LMI problems, such as interior



point algorithm [5]. The MATLAB

software package has incorporated this

algorithm into the solver of LMI control

toolbox. In this study, the instruction gevp

is used to solve the above GEVP problem.

Based on the proper choice of suitable α, P

and the feedback gains Ki,i=1,2,  can thus

be determined, and the design of the

control law (43) is accomplished.

4. Simulation Results
In this section computer simulations

are used to illustrate the performance of the

proposed T-S fuzzy model-based control

strategy for an electric vehicle which is

operated on various traffic conditions. The

nominal values of the parameters used in

the simulations are chosen as:

(1) Induction motor (60Kw, 2430rpm,

250N-m) and transmission with the

following parameters: 

(2) Road and load with following

parameters:

where ωf =209.44 rad/sec is the desired

maximum angular speed in 10<t≤14sec,

and tf = 10 sec.



Two traffic conditions are considered.

Traffic condition (I) is selected as:

Using the usual LMI method, the

feedback gain matrices and the

common positive definite matrix P can be

obtained as follows:

.Simulation results

for the case with EV operated on traffic

condition (I) are shown in Fig. 5. From Fig.

5(a), we know that the EV speed response

can track the command trajectory. The

tracking error shown in Fig. 5(b) is within

and 

The corresponding required motor control

torque is shown in Fig. 5(c). The control

torque is smaller

than the maximum torque of the induction

motor.

Simulation results for the case with

EV operated on traffic condition (II) are

shown in Fig. 6. From Fig. 6(a), we know

that the EV speed can also follow the

command trajectory. The tracking error

shown in Fig. 7(b) is within -0.0023 and

0.0016 rad/sec. The corresponding required

motor control torque is shown in Fig. 6(c).

The control torque 

is smaller than the maximum torque of the

induction motor.

From the simulation results for this

case with EV operated on the more traffic

condition, we know that the speed tracking

error with the LMI method is small and

from Fig. 5(c), we know that control torque



with the LMI method is smooth. Thus,

when ρ is selected as small as possible, and

the common P and the feedback gains

are found with a bigger α, So

the LMI method has excellent capability to

reject disturbances and high robustness

with respect to uncertainty.

5. Conclusions
In this paper, the dynamics model and

a T-S fuzzy model for EV propulsion

systems with a 3-phase ac induction motor

are constructed. A procedure for

systematically constructing a simple T-S

fuzzy model with very small number of

rules that can exactly represent the EV

propulsion systems with a 3-phase ac

induction motor is suggested, and a PDC

control design based on the T-S fuzzy

model is proposed. Because the number of

rules is very small, it is easy to find a

common Lyapunov matrix P, and no

relaxation methods are need. The feedback

gains Ki and P can be simultaneously

determined by considering the control

design problem as a GEMP problem via

LMI constraints. Proper Ki and P can be

obtained by choosing the results with

sufficiently high value of the Lyapunov

function decay-rate scaling factor α .

Simulation results are used to show that the

derived LMI-based control law can

guarantee the stability and robustness of an

EV propulsion system when it is driven on

various traffic conditions.
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