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Abstract

Nowadays, before the era of modern Steer-by-wire steering systems, the most widely used steering technolo-
gy is Electric Power Steering (EPS). This paper contains the developing of a Permanent Magnet Synchronous
Motor (PMSM) control circuit for EPS systems, in Matlab Simulink environment. The mathematical model of
the Permanent Magnet Synchronous Motor was created via the four equations that represent the relation be-
tween the fluxes, voltages and currents in d-q reference frame and the motor torque equation. Mathematical
transformations are required to generate the equivalent input values of the model from analog input waves.
In this way, the embedded software is able to communicate with the motor through the analog input and
output signals. The control model was also tested in a physically implemented system. The control software
is executed on a dSpace AutoBox hardware. The output interface block creates the output phase voltages
specified by the control module, and the input interface block allows the phase currents generated by the

output voltage to be measured back.
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1. Introduction

One of the most widely used motor types in
vehicles is the permanent magnet synchronous
motor. In electric power steering systems, it is
the most convenient because of the wide range
of revolution speeds and torque range. An im-
portant part of the steering system is the motor
control because during operation a seemingly
insignificant event, like a driving over a road
bump, can create a significant load that appears
as a transient in the control system. One practice
used in industrial environments is the hardware-
in-the-loop test for testing the control software.
For a company to maintain market advantage the
cost of the development of such a system has to be
kept at minimum. Modern computer technology
and the implementation of the already formulat-
ed mathematical models provide an opportunity
that means it is not necessary to physically imple-
ment the system to test the drive chain and the
motor design. The construction of mathematical

models in a Simulink environment provides an
opportunity for the proper operation of the de-
signed electric motor to be approached during
the product development process. This frees up
the project from significant expenditures, thus
helping its economic competitiveness. The aim of
the modelling is to approximate the predefined
output parameters, mainly of the magnitude of
the torque, the ripple, the harmonic content of
the motor current. The regulatory circuit can
be examined by so-called hardware-in-the-loop
(HIL) tests. In this step the program code is load-
ed into the microprocessor unit of a control cir-
cuit built into an already established test system,
where its operation is tested with measurements
by physical sensors. A practical implementation
in a dSpace environment was summarized in the
study of Y. Huangfu and W. Liu. [1] Their results
support the success of the implementation and
the need for a theoretical summary of the pro-
cess, which will be explained below.
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Figure 1. Scheme of an Electric Power Steering sys-
tem. [3]

2. Electric power steering

Steering is the term applied to the collection of
components, linkages, which will allow a vessel
or vehicle to follow the desired course. An EPS
system shown in Figure 1 includes mechanical,
electrical and control subsystems. One of the
main parts of the EPS system is the electric con-
trol subsystem, which receives the signals collect-
ed by sensors. Using the collected data, such as
vehicle speed, steering angle and steering torque,
the Electric Control Unit (ECU) controls the assis-
tant motor to give the required steering torque.
The principal of the operation can be described
as follows: the steering wheel turns, a steering
torque is generated via a shaft, which turns the
steering rack. As the steering rack changes its
position the wheels turn proportionately, which
causes change in the torque which is necessary
for steering. In order to assist the driver and pro-
vide a good steering experience, a certain amount
of torque is added by the assistant servo motor.[2]

3. Implementation of the mathematical
model

3.1. Direct and quadrant parameters

A reasonable choice is to use a coordinate sys-
tem, where the direct component (d) is fixed to
the pole flux vector of the rotor, relative to which
the quadrant component (q) differs by an electri-
cal angle of 90°. In this case, it is not necessary
to use trigonometric equations to describe the
motor. During the modelling, the mathematical

equations describe the operation of the control
circuit by d-q components, but during the hard-
ware-in-the-loop (HIL) test and in the finished
product, the input parameters of the program
code are measured back from the physical world,
which are recorded as timewise analog quan-
tities. It is necessary to transform the measure-
ments into the d-q coordinate system.

In case of Clarke transformation, the a-b-c com-
ponents of the measured three-phase quantities
fall into the o-B-0 reference frame. [4]

2 1 1]

3 3 3
Plole £ 1|l @

WA

G TR

3 3 3 -

[ 1 0 1]
AREREE
fb =_2 2 1'f[i @
fe 1 ﬁ fo

g 2

In case of Park transformation, the a-p-0 refer-
ence frame is transformed into a fixed coordinate
system consisting of d-g-0 components. [5]

fa cos(p,) sin(p,) O fa

fa | = |- sin(e,) Cos(%) 0}' f/ 3)
fo 0 1

fa cos (p,) —sin(g,) 0] |Ja

fg| = |sin(p,) cos (<pe ] @)
fo 0

where ¢, is the rotor position in electrical angle
[rad].

3.2 Electrical and mechanical behaviour

The sinusoidal distribution of the magnetic field
ideally generated by the permanent magnets of
the synchronous machine can be described by the
pole flux vector, i.e, it can be said that the flux
of the rotor is equal to the pole flux vector. The
stator terminal voltage can be described as the
sum of the pole voltage and the voltage across the
winding. [6]

di
Lot jw,Li+ jw, ¥ ®)

U, = Ri +
e dt

W,=pw,, (6)
where,

w rotor electrical rotation speed [rad/s]

w_ rotor mechanical rotation speed [rad/s]

p rotor pole pair number [p.u.] [1]
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The real part of equation (5) gives the direct (d)
while the imaginary part gives the quadrant (q)
components. It is worth expressing the currents
from the mentioned equations, because during
the simulation the control signal will be the volt-
age while the feedback is provided by the current.

] [ K ek L 0
dt| _| La La | [id] +|La . [Ud] 4] w¥
iy w.Ly E iy 0 l Ug _Wetp
dt L L L 1
q q q
(7)
where,
ig g current of the stator [A]
Ly Lq inductance of the stator [H]
Uy Uq terminal voltage of the stator [V]
R resistance of the stator [Q]

The torque depends on the pole flux and the cur-
rent vector described by equation (8).

3 3
=opI® x il =2p(%i, + (Lg — La)igia)

where,

M  electrical torque of the motor [Nm]

v, pole flux of the rotor [Vs]

The rotor speed can be calculated by the me-
chanical equation of a parallel spring and a mass.

M(p) =0¢ + D¢ + Ko 9)
where,

0 moment of inertia [kgm?]

D  damping factor [Nms]

K  torsion factor [Nm/rad]

By implementing the equations described in this
chapter and using appropriate transformations,
the PMSM model can be constructed.

4. Sinusoidal pulse width modulation

"Sinusoidal pulse-width modulation (sPWM)
technique is one of the simplest carrier-based
modulation methods for the control [..] The
SPWM is a familiar shaping technique in the field
of power electronics where a high frequency tri-
angular carrier signal is compared to a sinusoidal
modulation signal [...] The number of pulses per
cycle is decided by the ratio of the triangular car-
rier frequency to that of modulating sinusoidal
frequency." [7]

During the modelling a two-level inverter was
created where one bridge can be connected to ei-
ther the positive or the negative rail. Apart from
the offset and losses, the maximum of the motor
phase voltage can be half the DC voltage of the

inverter.
— Udc

Ue 2 (10)

where,

U;. DCinner voltage of the inverter [V]

U, DCrail voltage of the inverter [V]

In the case of a three-phase symmetrical excita-
tion, the impedance of each phase coil is the same,
|Z,|=|Z,|=|Z,|. Then the sum of the phase volt-
ages is also zero U,y + Uy + U = 0. The voltage
at the star point relative to ground is equal to the
zero-order voltage described by equation (11) if
two bridge branches are connected to a positive
rail. [8]

_ U+ Up+ U, _ U + U, + (=Up) (11)
0 3 3
where,
U, zero order voltage [V]
U, U,,U. phase voltages [V]

Based on the latter the maximum voltage of a
phase:

2, (12)

1
UfO :Ua+U0:§UE+Ue:3

Due to the design of the inverter, two transis-
tors on three bridges define 8 different switching
states. If the switching states are examined in a
stationary coordinate system, where a 3-bit tag
represents the different switching states, with 0
denoting the bridge is connected to negative rail,
whilst 1 denotes the positive state. In order to fa-
cilitate the control, it is worth setting an inner cir-
cuit to limit the voltage. It can be clearly seen that
the absolute value of the output voltage vector is
equal to the radius of the inner circle, which is the
height of the sector. This can be calculated by the
height formula of a triangle.

1 T 1
ru, :Ea-cot—z—-cotE:ﬁUe
n

13
2 6 2 a3

where,

r radius of the inscribed circle [p.u.]

a length of one side of the hexagon [p.u.]

n  number of sides of the hexagon [p.u.]

During the coding of the model, it is important
to determine the maximum of the phase voltage
which is described by equation (14).

4 V3 1 1
Uflmax = UfOT = 5'7'5Udc = \/_gUdc
In the model, the output signals of the inverter
vary between +Uy, .. Of the three pulse width
modulation types - edge, centre and adaptive - the
implementation of the first was done. In the case
of simulations running only in a digital environ-
ment, no significant difference in the results was

(14)
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observed. In the case of the HIL test, it is advisable
to use adaptive fitting depending on the current
measurement method. In the case of edge-aligned
modulation, the carrier signal is a high-frequency
sawtooth signal (16-20kHz) while the modulator
is a sine wave.

Cz{l,hajm </

0,haj, >], (1%

,ahol ], ], €0,1]

where,

C control signal of the inverter bridges [p.u.]

Jm modulator signal [p.u.]

J,  carrier signal [p.u.]

The output frequency and amplitude of the con-
trol signal is dependent on the frequency and the
amplitude of the carrier signal, there is a linear
relationship between them.

The control circuit is designed with a simple
three-level topology with a speed, torque and cur-
rent regulator connected in series. These are PI
type regulators tuned by the Good Gain method
that was developed by Finn Haugen. [9]

5. Results

Figure 2 shows the torque response of the con-
trol system to the simulated load. The latter is a
combination of the torque derived from steering,
road bumps and mechanical losses of the steer-
ing system. This figure shows that the control
circuit explained beforehand works as expected,
because the torque response is fast and accurate.
Furthermore, this result ensures that a validation
process can be started, as the mechanical losses
of the HIL system are known. Figure 3 shows the
differential torque that can be perceptiblefor the
driver without damping. The higher spikes can
be interpretable as a vehicle crossing a railway
and the lowers are simple steering for example.
One goal of a whole development process is to de-
crease those spikes so as to enhance the driving
experience.

As the results show, the implementation of the
mathematical model in Simulink environment is
an effective method to simulate the behaviour of
a steering system, especially the control circuit.

It is a widely used solution in industrial practice
to have a gear transmission between the motor
shaft and the driven shaft. This is to solve the
problem as the motor torque is not enough. In
this case, the driven torque can be increased by
expanding the rotation speed range and selecting
the appropriate transmission. The former can be
increased by using field-weakening mode. The

torque-rotation speed characteristic then can
be simulated. The result is shown in Figure 4.
From the mentioned characteristic the required
gear ratio or, in the case of given transmission,
the applicability of the chosen electric motor can
be deduced. Furthermore, it is possible to use the
results to refine the design parameters of the con-
struction.
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Figure 2. Torque response of the control system.
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