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I. Introduction

This paper reports advances in the design of electric power assisted steering (EPAS) systems fo-
cusing on model based torque estimation. In EPAS systems electrical machines are connected to the
mechanical system to reduce the driver’s work by generating an assisting torque in the appropriate
direction. Nowadays, three phase permanent magnet synchronous machines (PMSM) are used in cars.
Steering systems are life critical, therefore they have to be designed by maximizing safety, redundancy
and reliability. Automotive environment postulates further special requirements for EPAS applications,
as e.g. the usage of multiple but usually low voltage levels, providing high torque at high speeds with
small size and high efficiency. The system cost also plays an important role in automobile system
design, because in high volume production every additional part may dramatically increase the overall
cost. Designing cheap and reliable systems forces the engineers to build in as few sensors as possible
and extract as much information as possible from the output of the sensors. One possible realization
of this design principle is to implement redundant functions – required for safety checking – without
redundant sensors but using the available sensor data and model based simulations to calculate the
appropriate value.

Model based torque estimation will be described in the following order: firstly the significance of the
torque measurement will be discussed, secondly a physical machine model will be expounded, then
phase voltage measurement methods will be presented. Thirdly the parameter estimation methods will
be detailed. Finally simulation results, further research possibilities and conclusion will be presented.

II. Torque measurement

The main function of EPAS systems is to reduce steering efforts of the drivers. Mechanical work
is a product of steering wheel angular speed and torque. It is only possible to reduce the work of the
driver by generating an assisting torque in the appropriate direction, because the required position –
and therefore the angular speed – of the steering wheel is determined by the driving situation. Because
of the previously detailed reasons EPAS systems use a steering assistance control algorithm based on
the torque signal. Torque measurement is costly, therefore there is only one torque sensor built into
the system, which measures driver torque. It is not necessary to measure electrical machine torque,
because it can be calculated from the stator currents and the rotor angle of the electrical machine (1),
where T is the electrical torque of the machine. The other terms are detailed in section III.

T = iqKgen (1)

The current measurement sensor is the primary input signal to the torque estimation algorithm. A
life critical system can not be controlled by using a single measured signal. Some cheap but effective
redundancy has to be built into the system which evaluates measured machine currents and calculates
machine torque. It is possible to estimate the phase currents if machine input phase voltages are known
and a good machine model is available. This method does not require expensive sensors, but only
additional CPU time. The precision of the torque estimation depends on the accuracy of the input
signals of the model, the complexity of the model and estimation accuracy of the model parameters.
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III. Machine model

To estimate currents, a physical model of the machine is used. This model takes the following into
account:

• voltage drop caused by the phase windings,
• voltage induced by the rotor magnets,
• voltage induced by the phase windings, and
• the coupling caused by phase windings.

The model does not treat the following:
• resistance changes of the phase windings caused by thermal effects,
• non-linear saturation effects of the iron parts, and
• magnetic working point changes caused by the heating up of the rotor magnets.

These effects can also be taken into consideration in a more complex model if there is more CPU
resource available. In the first approach the accurate knowledge of the model parameters is more
important than a more sophisticated model.

All type of e-M@chines can be modeled using several different coordinate systems. The most simple
model is described in a coordinate system, where the two axes (d,q) are fixed to the magnetic axis of
the rotor as it can be seen on Fig. 1 a. Queer (q) component is perpendicular to the rotor’s magnetic
field, it is used to generate an effective torque. Direct (d) component is parallel with the rotor’s mag-
netic field and is used to decrease the effect of the rotor’s magnetic field on the stator windings (field
weakening) [1]. In this model, the current and the voltage signals are not sinusoidal even if the rotor
is rotating with a constant speed, because the coordinate system of this model rotates synchronously
with the rotor. In one mechanical working point, where the torque and the rotor speed are constant all
the currents and the input voltages are constant.

It is also possible to describe the machine in the coordinate system fixed to the phase windings
(u,v,w) as it can be seen on Fig. 1 b. This model is closer to the physical model of the machine. In
this model, voltage and current signals are sinusoidal, the most important parameter is the phase angle
between them.

The two machine models are equivalent. Mostly, the (d,q) model is used, because it makes calcula-
tions easier with constant signals. To change from physical model to rotor oriented model it is required
to convert the data given in the 3 phase stator oriented reference frame (u,v,w) into a magnetising (d)
and a torque producing (q) component. To change from stator oriented to rotor oriented reference
frame, Clarke (2) and Park (3) transformations are used, where iα, iβ are real and imaginary currents
in a stator oriented complex reference frame, Θr is the angle between stator phase flux direction and
rotor magnetic flux direction (d) and id, iq are currents in the rotor oriented reference frame [2][3].
Clarke transformation (2) changes from stator oriented 3 axis reference frame (u,v,w) to stator oriented
orthogonal 2 axis frame (α,β). Park transformation (3) rotates stator oriented reference frame (α,β),
which results in a rotating reference frame (d,q) that rotates synchronously with the rotor.
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3
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}
= iu (2)
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}
=

2 · iv + iu√
3

id = cos θr · iα + sin θr · iβ (3)
iq = − sin θr · iα + cos θr · iβ

If the star point of the windings is not connected to ground, then currents in the u,v and w phase
windings can be calculated using the following formula: iu + iv + iw = 0, where iu, iv, iw are the phase
currents, as it can be seen on Fig. 1 b.
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The (d,q) model can be transformed to the (u,v,w) model with the inverse of the previously mentioned
Park and Clarke transformations.

a) Rotor oriented ref. frame b) Stator oriented ref. frame c) Torque estimation result

Figure 1: Machine models and torque estimation result

As it can be seen on Fig. 1 a and in (4), the motor model estimates the motor currents id, iq by using
the voltage inputs ud, uq in the rotor oriented coordinate system, where Rs is the phase resistance, Ld

and Lq are the direct and quer inductance and Kgen is the generator constant of the machine. ωel

is the electrical angular speed of the machine. ωel can be calculated with the following formula:
ωel = np · ωmech, where ωmech is the rotor mechanical speed and np is the number of rotor magnetic
pole pairs [1].

ud = Rs · id + Ld ·
did
dt

− Lq · ωel · iq (4)

uq = Rs · iq + Lq ·
diq
dt

+ Ld · ωel · id + ωel ·Kgen

IV. Voltage measurement methods

It is clear from the previous sections that a precise voltage measurement is essential in the current
based torque estimation. Hopefully, in those EPAS systems which are using PWM modulation to
control the current of the electrical machine, phase voltages can be measured easily. There are two
methods to determine the phase voltages:

• phase voltage measurement using additional hardware,
• calculating the phase voltages from the measured battery voltage and PWM duty cycles.

The first method is a bit more simple than the second, but it requires a dedicated measurement circuit
for each phase. Furthermore, the precision of the measurement is questionable in a noisy automotive
environment. The second method does not assume that an extra hardware – unless the battery volt-
age measurement hardware, which is necessary to other functions – is built into the system and also
measurement noises are suppressed very well. The phase voltages are calculated from the phase duty
cycles and the battery voltage. Then they are transformed to the rotor-oriented coordinate system.

V. Model parameter estimation

The precision of the current estimation highly depends on the quality of the identified model param-
eters. In the first step, with a quick method, the parameters can be estimated roughly. These can be
used as initial parameters for the iterative, simulation based non-linear optimization algorithm.

If an inverter and a motor control software – including current regulators – is available, then the
machine parameter could be determined easily. The quick method identification works in the following
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way. The machine is set to different working points, where the parameters can be calculated from the
machine equations:

• To estimate phase resistance, the machine angular speed is set to zero, and a relatively high
current is forced into the machine windings. From (4) it is clear, that in the steady situation
(di/dt = 0 and wel = 0) only the resistance determines the connection between phase voltages
and phase currents.

• In the next step, the generator constant of the machine can be determined if the reference signals
of both current regulators are set to zero and if the machine is rotated at a known speed. Then in
(4), the only non zero term is the voltage induced by the permanent magnets of the rotor.

• Setting the reference signal of the id (or iq) controller to a non-zero value and knowing Rs and
Kgen as a result of the previous measurements, Ld (or Lq) can be identified.

Using the previously determined machine parameters as initial values, they can be refined by an
iterative minimization algorithm. The goal of the optimization is to minimize the difference between
the simulated (i∗d,i∗q) and the measured (id,iq) machine currents (5). A steepest descent minimization
algorithm is used in the following way:

• simulate the machine with the current parameters,
• determine the negative gradient of (5)
• calculate the new machine parameters
• if necessary, repeat the above the steps.

min
(
(id − i∗d)

2 + (iq − i∗q)
2
)

(5)

VI. Conclusion and further research possibilities

On Fig. 1 a it can be seen that the torque estimation works well in the whole operation range of the
machine. Model based estimation does not cover only the static operation of the machine, but also the
dynamical changes.

The main goal of the research was to find out how the torque of an electrical machine can be estimated
if no torque measurement sensor and no current measurement sensor are used. A model has been
presented which resulted a good torque estimate. In this paper a method has been shown, that is
suitable for machine parameter estimation. Also some theoretical background has been presented to
give a better understanding of voltage measurement and model transformation techniques.

It may be advantageous to improve this model based torque estimation method in the following
directions:

• improve model complexity by introducing temperature-dependent parameter variations,
• improve model complexity by introducing non-linear saturation effects in the simulation model,
• implement on-line parameter estimation if there is more computational resource available.

Implementing model based torque estimation using the model and testing the method described in
this paper within an industrial environment could help determining the further research directions.
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