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Abstract— This paper reports advances in the design and
development of decoupling method in motor control of
electric power assisted steering (EPAS) systems. A motor
model for permanent magnet synchronous machines (PMSM)
is described. Implementation details, simulation and measure-
ment results are also presented.
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|. INTRODUCTION

N ELECTRIC power assisted steering (EPAS) systems

an electric machine is connected to the mechanical
steering system to reduce driver’s work by generating
torque in the appropriate direction. Electric actuators have
great advantages compared to hydraulic systems. Steering
properties can be changed on line according to vehicle
speed, road surface quality or other significant parameters.
They are also environment friendly, because of their higher
efficiency and they do not contain environmentally harmful
hydraulic steering fluid.

Automotive environment demands special requirements
for motor control application, e.g. high reliability, working
with varying and usually low voltage level, providing high
torque at high speeds with small size and high efficiency.
Nowadays three phase permanent magnet synchronous
machines (PMSM) are used in steering systems because
of their compact design and high efficiency.

In a prototype electric power assisted steering system
developed by ThyssenKrupp Nothelfer Kft., there were
over current problems occurred during torque reversing
at high speed operation. These over currents appeared at
transient states where the controllers was not fast enough
to compensate for internal changes of the motor.

To solve these problems controllers were improved
with decoupling calculation. Main purpose of introducing
decoupling technique in the system was to improve relia-
bility of the application without loosing output torque or
decreasing system dynamic properties.

The implementation will be described in the following
order: first a motor model will be presented to under-
stand the coupling between two controller loops caused
by electric machine [1]. It will be followed by a short
description of the presently used and the new controller
structure. In the next section we will write about a recently
implemented saturation system. In the following sections
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simulation and measurement results will be introduced and
evaluated. Finally a conclusion will be presented.

Il. MOTOR MODEL

Electric machines contain two magnetic fields: stator
and rotor fields. Rotating stator field forces rotor field to
follow it and generate torque. In the PMSM type of electric
machines rotor magnetic field is generated by permanent
magnets which are mounted on the rotor surface. Stator
magnetic field is generated by stator windings. In this paper
the theoretical motor winding structure is used where the
real phase windings are reduced to three phases (a,b and
¢) [2], [3]- This windings a, b and ¢ are physically spaced
120 degrees apart from each other (Fig. 1) [1]. Magnetic
field orientation of each coil is parallel to its winding’s
axis.

Permanent magnet synchronous machines are controlled
by field oriented control (FOC), which requires to con-
vert 3 phase stator oriented reference frame (a,b,c) into
magnetizing (d) and torque producing (gq) components. If
machine’s star point is not connected then currents in a, b
and ¢ windings can be calculated using (1), where i, i,
i. are the phase currents, as it can be seen in Fig. 2.
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Motor model in stator oriented reference frame

Fig. 3.

To change from stator to rotor oriented reference frame
Clarke (2) and Park (3) transformations are used, where
iq, ip are real and imaginary currents in a stator oriented
complex reference frame, ©; is the electric angle between
stator phase flux direction and rotor magnetic flux direction
(d) and i4, i, are currents in the rotor oriented reference
frame [3], [4], [5]. Electric angle measures the magnetic
flux change of the rotor. If rotor rotates by one magnetic
pole pair, electric angle counts 2. A relationship between
electric and mechanical angle can be seen in (5), where © ;
is the electric angle, n, is the number of rotor magnetic
pole pairs and ©,,..;, is the mechanical angle between
phase a direction and rotor magnetic flux direction.
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Clarke transformation changes from stator oriented
3 axes reference frame (a,b,c) into stator oriented orthog-
onal 2 axes frame («,3). Park transformation rotates stator
oriented reference frame («,3) synchronously to rotor,
which results a steady reference frame (d,q) from rotor
point of view. Queer (q) component is perpendicular to ro-
tor’s magnetic field; it is used to generate torque. Direct (d)
component is parallel with rotor’s magnetic field and is
used to decrease the induced voltage generated by rotor
magnetic field in stator windings (field weakening) [6].

A motor model in rotor oriented (d,q) reference frame
can be seen in Fig. 3. This motor model is described
with (4) [7], where wq4, u, are voltage inputs, i4, i, are
loop currents, R is the resistance, Ly and L, are the
inductances, K 4., is the generator constant, w; is the rotor
electric speed. w,; is calculated from (6), where w,cen
is the rotor mechanical speed and 7, is the number of
rotor magnetic pole pairs. The parameters are derived from
motor physical constants.
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In motor windings there are mutual impedances. This
mutual impedances cause couplings between motor wind-
ings inducing voltage in one phase winding if current
changes in an other phase. In Fig. 3 and in (4) the
underlined terms are the cross coupling between d and g
loops.

I1l. CONTROLLER STRUCTURE

In recently used motor control applications (Fig. 4)
electrical system is considered as two independent current
control loops [8]. Each loop has an input reference current
(Yd_ref, tqrer) derived from steering requirements and the
system mechanical state.

The difference between actual and required current is
regulated by a Pl controller. The controller outputs are
proportional to the voltage applied to the motor phases.
Because of mutual inductances in electric machine these
control loops are not independent. If we change desired
current in one loop the coupling causes current peaks in the
other. Even in advanced motor control applications these
cross coupling terms are not taken intro account [8]. Our
goal was to calculate coupling terms to reduce transient
current peaks [7]. Madification of the old control model
(Fig. 4) is in Fig. 5. It contains also a limitation system
which is described in the next section.

Decoupling sub model implements underlined calcula-
tions detailed in (4) as it can be seen in Fig. 6.

IV. SATURATION SYSTEM

Decoupling terms perform open loop control and they
can drive the system into physically unrealizable states.
For this reason they have to be limited to provide higher
priority to closed loop control signals.

The vectorial sum of two controller outputs can not
be higher as the nominal supply voltage. This criterion
is described in (7),
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where C9“* is the controller output of d loop , Cg“t is
the controller output of q loop and U,,,,, is the nominal
value of the power supply.

In the motor control application C'5“* is also limited
using (8).

C9"t < const (=~ 0.9) (8)

A limitation system — which considers (7) and (8) —
was originally built into the system (Limiter 1 in Fig. 6),
but it was not suitable for limiting decoupling part of Pl
controller because it was not giving priority to the closed
loop control signals. An additional and more complex
limitation (Limiter 2 in Fig. 6) was built into system which
considers both the external limit and the internal state of
controller. The saturation system has to decrease correction
terms if the sum of controller proportional (P), integral (1)
and decoupling (DEC) terms approaches the output limit
of the controller.

V. SIMULATION RESULTS

Controller behavior was tested in an existing simulation
model to verify transient reducing efficiency of proposed
modifications. Simulation model involves motor control
software and a motor model which was described in this
paper. Motor speed was set to 40% of it’s maximal speed.
Current in one control loop was changed from I,,,, to
—Imaz, and current peak in the other loop was measured.
Decoupling calculations worked excellently, reducing cur-
rent peak from 32 A (Fig. 7) to 700 mA (Fig. 8).
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Fig. 8. Simulation result with decoupling

VI. MEASUREMENT RESULTS

After promising simulation results decoupling algorithm
was implemented on dSpace/Autobox rapid prototyping
computer for testing improvement on measurements. Mo-
tor control algorithm was run on the computer and a
PMSM was used in the test. It was driven at the same speed
as in the simulation by an other machine. Measurements
on real physical environment reported lower current peaks
when decoupling was used,which proofs the usefulness in
practice. Without using decoupling equations 42 A current
peak was measured (see Fig. 9). With using them peaks
were reduced to 22 A amplitude (see Fig. 10).

Although this method reduced current transients by 48%
the results should be improved to reach the theoretical
possibilities by considering the followings:

o In simulation we calculated internal motor states
with the same motor parameter values (phase coil
resistance, inductance, rotor magnet flux ...) both in
the motor simulation and in the decoupling blocks.
On the contrary, during measurements theoretically
calculated values are used in the decoupling calcu-
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Fig. 9. Measurement result without decoupling
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Fig. 10. Measurement result with decoupling

TABLE |
EVALUATING SIMULATION AND MEASUREMENT RESULTS

Current peak [A] Efficiency [%]

Method Without Dec. | With Dec.
Simulation 32 0.7 98
Measurement 42 22 48

lations to correct the unknown physical values. Off
line measured system parameters could increase cor-
rection significantly, but on line parameter estimation
would be the best method to correctly use decoupling
calculations.

o Power supply voltage can not be measured during
measurement, however, it is used as a normalization
factor in the calculations, so improving measurement
hardware could be also advantageous.

« Measured signals contain additive noise which should
be filtered better.

VIlI. CONCLUSION

Aim of our research was to eliminate cross coupling
terms caused by mutual inductances in motor to decouple
two control loops. Decoupling worked perfectly in sim-
ulation reducing current peaks from 32 A to 700 mA.

Measurement results proved that decoupling can reduce
current peaks efficiently, but considering improvements
listed in section VI, performance can be increased.

ACKNOWLEDGMENT

The authors thank Istvan Wahl (ThyssenKrupp
Nothelfer Kft.) for giving the opportunity to work
on this problem in Biel and Cyrille Kunz (Drivetek),
Laszl6 Naszados (ThyssenKrupp Nothelfer Kft.) and
Ferenc Illés (ThyssenKrupp Nothelfer Kft.) for helping
better understanding theoretical background of the
method. Financial, technical, and theoretical support
of ThyssenKrupp Research Institute Budapest is also
appreciated.

REFERENCES

[1] 1. Schmidt, G. Vincze, and K. Veszprémi, Electrical servo and robot
drives (in Hungarian). Budapest: M(egyetemi Kiadd, 2000, pp.
69-161.

[2] J. M. D. Murphy and F. G. Turnbull, Power Electronic Control of
AC Motors. Oxford: Pergamon Press, 2000, pp. 413-449.

[3] P.C. Krause, O. Wasynczuk, and S. D. Sudhoff, Analysis of Electric
Machinery and Drive Systems (second edition). USA: IEEE Press,

2002.
[4] The Matworks, Inc., Clarke Transformation (Embedded
Target for Texas Instruments C2000 DSPs), 2005.

Available: http://www.mathworks.com/access/helpdesk/help/toolbox/
tic2000/clarketransformation.html

[5] The Matworks, Inc., Park Transformation (Embedded
Target for Texas Instruments C2000 DSPs), 2005.
Available: http://www.mathworks.com/access/helpdesk/help/toolbox/
tic2000/parktransformation.html

[6] P. Vas, Sensorless Vector and Direct Torque Control. Oxford: Oxford
University Press, 1998.

[7] 1. Boldea and S. A. Nasar, Electric Drives. USA: CRC Press, 1999.

[8] E. Simon, “Implementation of a speed field oriented control
of 3-phase pmsm motor using tms320f240,” Texas Instruments
Incorporated, Appl. Rep. SPRA588, 1999. Available: http://focus.ti.
com/lit/an/spra588/spra588.pdf



