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Abstract—1In this paper, the torque tracking problem of the
induction motor for Hybrid Electric Vehicle (HEV) applica-
tions is addressed. Because the standard Field Oriented Con-
trol (FOC) provides poor performance under rotor resistance
uncertainty, a new robust controller-observer combination
is designed in this paper in order to improve the overall
performance. Our controller is based on a new PI-based
extension of the FOC controller while our flux observer is
based on the sliding mode technique. Simulation results show
robustness with respect to rotor resistance uncertainty. A new
optimal flux reference is derived to minimize the consumption
of electrical energy, rather than the commonly used standard
flux reference that maximizes motor torque. This choice is
justified by the use of our controller in HEV applications.
Simulation results show a significant reduction (35%) in
energy losses.

I. INTRODUCTION

The automotive industry is increasingly seeking cleaner
and more energy-efficient vehicles. The Hybrid Electric
Vehicle (HEV) is one of solutions that assures lower gas
emissions while saving energy usage. An HEV vehicle usu-
ally has two sources of traction; a combustion engine and
an electric motor. The coupling of these two components
can be in parallel or in series. In the parallel configuration,
both the engine and the electric motor contribute to the
traction force that moves the vehicle. Power is split between
them according to a control strategy, which is usually
implemented by a supervisory controller. Two different
sub-controllers independently control the engine and the
motor. Both sub-controllers receive their commands from
the supervisory controller. Among these commands are the
two torque requests required from both sub-systems as
shown in Figure 1.
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Fig. 1. Controllers hierarchy in a typical HEV application.

The induction motor is well suited for the HEV ap-
plication because of its advantages over other types of
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electric motors. For instance, it is more reliable due to the
absence of brushes, it is more rugged due to its inherent
one piece rotor shaft, it is safer when used in hazardous
environments, and it presents a low cost solution. However,
the development of a drive system based on the induction
motor is not straightforward because of the complexity of
the control problem involved with the induction motor.
Early approaches were primarily based on the so-called
scalar control techniques and were used only in constant
speed applications. In the early 1970’s Haase and Blaschke
developed the new Field Orientated Controller (FOC) for a
high performance induction motor drive system. This was
based on rewriting the motor equations in a reference frame
that rotates with the rotor flux vector.

Although this method seems a viable solution, it suffers
from some drawbacks, especially in high performance sys-
tems where accurate tracking is required. These drawbacks
are due primarily to the fact that: 1- the motor model
is highly non linear, 2- two of the state variables (rotor
flux components) are usually not measurable, and 3- some
parameters (rotor resistance in particular) vary significantly
during operation. For these reasons, many researchers were
driven to seek more complex non linear control algorithms
that compensate these issues.

Rotor flux feedback was needed for these schemes, and
many observers were suggested. Some researchers used
Luenberger observers [1]—[3], others used the sliding mode
technique [4] while others used adaptive schemes to com-
pensate for parameter uncertainties [5], [6]. The design
of the controller itself has also taken many directions.
Feedback linearization [5], [7]-[10], passivity based ap-
proach [11]-[14] and sliding mode techniques [15], [16]
have all been investigated and studied.

In this paper, we will develop an innovative combination
of controller and observer designs. The controller is an
extension of the FOC scheme designed to correct for the
rotor flux steady state errors. The observer is based on the
sliding mode technique, making it independent of the motor
parameters. The control problem is geared toward the HEV
case, and minimization of the consumed energy is also
considered through the way that the flux reference curve
is generated.
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II. MOTOR MODEL

The motor model is described by the following set of
equations [17], [18]

R, . .
(——‘ — aLmﬁ) 14 + Welg
o

g =

F(0f)dut Bty T ()
i = (]is — aLmﬂ) g — Weld

+(aB) g — Bwrha + %uq (1b)
Ya = it (we—wr)¥g+almia (1)
Vg = —athy — (we —wp) Ya+ alpi,  (1d)
o = % (kr (aiq — qia) — T0) (le)

where

e ig, ig, Uq Ug are the stator current vector and voltage
vector components in the dq rotating reference frame,

e g, g are the rotor flux vector dg components,

e w, is the rotating reference frame velocity,

¢ w; 1is the electrical rotor speed,

o Tj is the load torque and J the rotor shaft inertia,

e «, 8, o, kp are given by

R, Ly, LiL, — L2 3PL,
=P LT, MTaa,
R, and R, are the stator and rotor resistances. L, L, and
L,, are the stator, rotor and mutual inductances respectively
and P is the number of poles.

In this model, it is important to emphasize that the model
inputs are ug, uq and we, the states are iq, iq, ¥4, ¥y and
Wy

A reduced model is usually used in the design of an
induction motor drive system. As a matter of fact, the two
current components ig and i, can be thought of as the
control inputs to (1c), (1d) and (le). The current dynamics
in (1a) and (1b) can be controlled by either using a current-
fed inverter, or using high gain PI regulators in the case of
a voltage-fed inverter [7], [9]. The reduced order model is
then described by

T

w:d = —atg+ (we —wy) Yq + aLpig (2a)

wq = —Oé’l/)q - (we - wr) wd + aLmiq (Zb)
P

wrp = o= (kT (¢diq - wqid) - Tl) (2¢)

2J
where the control inputs are now ¢4, ¢; and w.. The states
are simply g, ¥4 and w;..

III. THE CONTROL PROBLEM IN THE HEV CASE

In the HEV case, the electric drive subsystem is required
to provide the torque requested by the supervisory controller
in an accurate and efficient fashion. Another requirement,
which is commonly added when controlling the induction
motor, i1s to make the rotor flux track a certain reference

Yrep. This reference is commonly set to a value that
generates maximum torque and avoids magnetic saturation,
and is weakened to limit stator currents and voltages as rotor
speed increases. In this paper, however, the flux reference is
selected to minimize the consumption of electrical energy as
it is one of the primary objectives in hybrid electric vehicles.
The control problem can therefore be stated as the following
torque and flux tracking problems:

Jmin |[T.(6) = T.,., ()] Ga)
Jmin [at) = e (1) (3b)
Jmine,(0)] (30)

where 1),y is selected to minimize the consumption of
electrical energy. T, (t) is the torque command issued by
the supervisory controller while T, (t) is the actual motor
torque given by

Te = kr (wdiq - wqid) €]

Equation (3c) reflects the constraint of field orientation
commonly encountered in the literature, and which states
that the rotor flux vector be oriented with the d axis of the
rotating reference frame. The control problem is illustrated
in Figure 2.

Yrer —] 7 »  Motor
Controller wq » Reduced —» Te
T.,.,—» £ —» Model
7y
feedback signals

Fig. 2. The control problem.

IV. CONTROLLER DESIGN
A. Core Controller Design

The controller in Figure 2 is split in a core controller
and an observer. The core controller is based on the Field
Oriented Controller (FOC) scheme. The FOC solution is
a simple mapping between the inputs i4, 74, w. and the
reference signals Te .., Yd,., = Yrep, and ¢y, = 0.
Using (4) and solving for the control inputs in (2) when
T, = T.,., (torque tracking), g = ey (flux tracking),
and v, = 0 (field orientation) yields the following FOC
equations:

. _ wref '(/.)ref

S R (5a)

. T.,., b

g = ——

I kTwT'ef

We = wy+ aLy,—2 (5¢)
wref

From its structure, the FOC controller resembles an open
loop controller since the errors between the outputs and their
references are not used. Because of its inherent open loop
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design, the FOC controller has lower performance in the
presence of parameter uncertainties. Since input ¢4 controls
the flux magnitude and input w, controls its orientation (w,
is the speed of the dg rotating reference frame), the FOC
controller can be improved by adding two PI regulators on
the error signals 1q — ¥res and 1, — 0 as follow

ref  Orel e (g — tyey)

e

~Kiy [ (a vneg) (6a)
. T...,
ig = m (6b)
%M+Mm%fﬁ%%+%/%ﬁ@)

The parameter & reflects an offline estimation of the rotor
resistance (o« = R,./L;) since the real value changes during
operation and therefore is not known. Our controller is
different from the commonly used PI-based FOC controller
which applies the PI regulators to (6a) and (6b) only. Here
the second PI regulator is used to generate the control input
w, instead of i, because it better reflects the control of v,.
This new controller relies on knowing the values of 14
and v,. Because in most cases flux measurement is not
available, the construction of an observer is needed. This is
discussed in the next section.

B. Observer Design

Due to the fact that our controller presents less sensitivity
to rotor resistance variations, primarily because of the two
PI regulators, the design of the observer must be robust to
rotor resistance uncertainty. The observer described here is
based on the sliding mode technique described in [4], [19],
[20]. The system equations in (1) can be put in a matrix
form as

H_ L afl + Bw,J  — (E2+al,,p) I+weJ] H

¥ |Fal+(wewy) J oL, I P
A
+ |:l()[:| u (72)
N
B
o i
i = I 0 { w] (7b)
c

with the measured current vector ¢ as the output. I is the
2 x 2 identity matrix and .J is defined by J? = —1I.
The observer structure, as described in [4], [19], [20], is

:

where 2, u, w, are available from measurements, and w, is
a controller internal variable. « is replaced by & in A since

o]

the true rotor resistance is not known inside the observer.
The additional terms v; and v, are designed as

(9a)
(9b)

v, =

L;sign (z — '2)
Lysign(A (vi),,)

Vg,

where L; = [% 12]7 Ly = [Zg 12] are 2 X 2 gain matrices
and

A1z = afI + Bw,J (10)

(v;),, is obtained from a high-low pass filter described by

(1)

Tq;(’l}q;)eq + (’Uq;)eq =v;
where 7; = (7 ) contains the filter time constants.

V. FLUX REFERENCE SELECTION

The closed loop system, with its PI-based FOC controller
and sliding mode observer, is shown in Figure 3. 9.
is the rotor flux reference signal yet to be defined. This
section shows how it is derived in order to minimize the
consumption of electrical energy instead of maximizing the
motor torque as is usually done in induction motor drive
systems. The flux reference derived from maximizing the
torque, and referred henceforth in this paper as the standard
flux reference, is based on keeping it constant up to a certain
rotor base speed and decreasing it in an inverse proportion
to the speed above this base speed. This weakening region
is needed in order to limit the back EMF [21]. The standard
flux reference does not minimize the electrical losses, and
therefore is not suited for hybrid electric vehicles. In fact,
for small torque requests one need not keep the flux at
a higher value when a smaller value might be used to
provide the same torque. Higher values of the flux consume
more current and, hence, require more energy. An optimal
flux reference based on minimizing power consumption was
given in [22], [23]. However, the flux reference there was
expressed in term of rotor speed reference input since the
authors considered a speed tracking problem rather than a
torque tracking problem.

Vref ——y]
Gres PI based ig Motor
FOC We Model
Te,.; ———>
I r 3
Wy (i, iq, U,
Ug, Wr, We))

¢ | Sliding Mode
Observer

A

Fig. 3. Closed loop system.

To find a new ,.y selection that minimizes power
losses, we first derive the expression of the losses and then
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minimize it. We assume steady state analysis here. The input
power is equal to

Py = g[RS (i3 +i2)]
gLl 1

Stator Resistance Losses

3Ly .

+ - ——weYn
5L, eWiq
———
Air Gap Power

12)

and the output power is

3L,
Pout :mee = §L_r

where 1 is the rotor flux magnitude and w,, is the rotor
shaft velocity. Substracting (13) from (12) yields the power
losses expression

wrig (13)

3L,
2 L,

Pross = 3Ra (3 +42) + (14)
—_—

Stator losses

(We — wy) iy

Rotor losses

Substituting the steady state values of 4, ¢; and w, — wy,
derived from (2), in (14) yields the new expression of the
power losses

3 2 2 Te 2

PLoss - 5 |:Rs (7/)/Lm) + (Rs + (Lm/Lr) Rr) (kT'l/}) :|
15)
Minimizing (15) gives the new selection of the flux refer-

€nce

q/Jref = kopt |Te7‘ef|

Lo L.\> R,
Fopt = | 724 [1 s
=N e VT (L) R,

Equation (16) states that at low torque levels, the flux
level should be also low in order to consume less energy.
However, equation (6b) presents a singularity if the torque
request T, . is zero. Moreover, the analysis carried out
here does not consider the constraints on stator currents
and voltages. Indeed, the stator currents and voltages cannot
exceed their maximum physical values which is described
by the weakening region in the standard flux reference
selection. To solve the singularity problem, we can set a non
zero minimum value for the flux reference signal, whereas
to solve the current and voltage constraints, we can take the
standard flux reference shape as the maximum value. The
new optimum flux reference signal is then described by

wopt = kopt \/ |Tergf if ’L/)mzn < wopt < wmama

(16)

where

A7)

'(/}Tef = ¢m7ﬁn if wopt < ¢min7
7vzjmaat if wopt 2 7/}7nar~
(13)
where ¥, 1S @ minimum value to avoid the division by
zero and
Yo if |wr| < wp
wmaa: = wh . | | (19)
m¢0 if |w7| > Wy

is the standard flux reference shape formed by a constant
flux vy (maximum flux without saturation) up to a base
speed wp and weakening beyond this base speed.

VI. SIMULATIONS

The torque reference curve that is used in the simulations
is shown in Figure 4. It represents typical acceleration,
constant speed, and deceleration behaviors in a hybrid
electric vehicle. Negative torque request is also selected
to simulate the regenerative mode. Load torque is modeled
by considering the aerodynamic, rolling resistance and road
grade forces. Its expression is given by

Ryjre 11 .
1= ;{TE [EpaierAf’Uz + MgC, cosag + Mgsin ay]|
fe e
aerodynamic rolling resistance grade
(20)

where pg;, is the air density, Cy is the aerodynamic drag
coefficient, A; is the frontal surface area of the vehicle,
M is the mass of the vehicle, o is the grade angle, C, is
the rolling resistance coefficient, and v is the vehicle speed
related to the motor shaft velocity by v = (Ryire/Rf)wm,
where Ry, is the radius of the tires and Ry is the total
ratio between the motor shaft and the differential axle of
the vehicle.

7, (Nm)

200
150

100

—

T
45 1 (sec)

Fig. 4. The Torque reference curve.

The numerical values of the parameters that are used in
the simulations are given by

R, =0.014Q, R, = 0.009 Q,
Lis =75 uH, Ly, = 105 pH, L,,, = 2.2 mH,
Ls=Lijs+ Ly, Ly =Liy + Ly,

2 Rtire2
P =4, Jpo =0.045 Kgm?, J = Jpor + MR—f ,
Pair = 1.29,Cyq = 0.446, A; = 3.169 m? R; = 8.32,
C, = 0.015, Ryire = 0.3683 m, M = 3000 kg,
o = 0.47 Wb, wj, = 5400 rpm.

In Figure 5, we compare power losses and efficiency
results using the new optimal flux reference with the re-
sults using the standard flux reference. The simulation was
carried out using the non regulated FOC controller in (5).
The power losses plot show that the system consumes less

3004



energy with the new optimal flux reference. For the 45
seconds of simulation, energy losses using the standard flux
reference were 51.5 kJ while they were 33.5 kJ with the
new flux reference. This 35% reduction in energy losses
is primarily due to reducing the flux reference during the
periods of low torque requests. Figure 5b shows significant
improvement in power efficiency during steady state peri-
ods.

(a) Power losses (kW) (b) Efficiency
25 . 1.4 .
optimal Y. —— optimal Y, ——
standard Wygp -------- 1.2 standard ¢ --------

50 0 10 20 30 40 50
time (sec)

time (sec)

Fig. 5. Power losses (a) and efficiency (b) with optimal (solid) and
standard (dashed) v¢ .

Figures 6 - 13 show the simulation results of the closed
loop system of Figure 3. The controller parameters used in
the simulation are: K, =0, K;, = 0.1, K;,, = 0.1, K, =
200, ll = 7, 12 = 10, l3 = 2, l4 =1 and T = T = 0.004.

In the first set, i.e. Figures 6 - 9, we used the true value
of the rotor resistance inside the controller, whereas in the
second set, i.e. Figures 10 - 13, we simulated the extreme
case of rotor resistance uncertainty by using half the value
of the rotor resistance (]%r = 0.5R,) inside the controller.

Figures 6 and 10 are plots of the motor torque (solid
line), the reference torque (dotted line) and the load torque
(dashed line) for both cases. Good torque tracking is
achieved even with the rotor resistance uncertainty. Fig-
ures 8, 9, 12 and 13 represent the d and ¢ components
of the rotor flux for both cases. A small steady state error
can be noticed on the observed fluxes for the uncertain case.
However, flux and torque tracking are still achieved at an
acceptable level as shown in Figures 10, 12 and 13. Fig-
ures 7 and 11 represents the motor and vehicle speeds and
show clearly the different phases of acceleration, constant
speed and deceleration. It is worth notice also that stator
currents and voltages never reached their maximum values
during simulation due to the upper limit imposed on the
flux reference in (18).

VII. CONCLUSION

In this paper, a new flux reference has been derived
in order to minimize the use of electrical energy, which
is a major factor in designing motor drive systems for
hybrid electric vehicles. The flux reference is shown to
be proportional to the square root of the torque reference
input. An innovative robust controller for the induction
motor has been proposed. The new controller, which is
a combination of a new Pl-based extension of the FOC

controller and a sliding mode observer, showed good closed
loop performance (good flux and torque tracking) even in
the presence of rotor resistance uncertainty.

200 4
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E 50 A
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o 0 41
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S  -50 4
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Fig. 8. Rotor flux d component - (known R;.).
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