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ABSTRACT Permanent Magnet Synchronous Motors (PMSMs) have been replacing conventional DC
motors in numerous automotive applications. One of which is Electrically Power Assisted Steering Systems
(EPAS). PMSMs offer better performance and a longer lifetime while slightly increasing the system’s cost
and complexity. In a vector-controlled PMSM drive system, the rotor position sensor’s resolution plays
a vital role in the overall system performance. The better the resolution, the higher the cost. Although
numerous sensor-less control algorithms currently exist, machine startup and operation with dynamically
changing set-points and loads still impose a challenge for such an approach. For this reason, inexpensive
Hall-Effect sensors have been recently used along with a proper position estimation algorithm to provide
high-resolution rotor position. In this paper, an implementation of a vector-controlled drive system is
applied to an EPAS using only low-resolution Hall-Effect sensors. Additionally, an improved rotor position
estimation algorithm based on speed integration is developed to decrease estimation errors and torque
ripples in the case of direction reversal. This is to cater to the dynamically changing commands encountered
during the normal power assist operation. Comparisons of the proposed rotor position estimation system
with the conventional technique are introduced. A complete representation of the proposed system is built
using MATLAB/Simulink. An experimental setup is developed and built around a Motor-Driven Power
Steering (MDPS) unit which is a column-assist type EPAS system made by Hyundai Mobis. The simulation
and experimental results are presented to verify and evaluate the effectiveness of the proposed algorithm.

INDEX TERMS DSP, electrically power-assisted steering, field-oriented control, Hall-effect sensors,
PMSM, rotor position estimation.

I. INTRODUCTION
During the past few years, the need for more compact,
more efficient, and reliable systems led many automotive
manufacturers to head towards replacing conventional direct
current (DC) motors with Permanent Magnet Synchronous
Machines. This usually comes in exchange for a higher cost.
PMSM drives usually require a more complex Electronic
Control Unit (ECU) as well as a position sensor mounted
on the machine’s rotor [1]. Seeking better prices, numer-
ous approaches have been adopted to optimize the sys-
tem’s cost. One of which is the use of sensor-less control
algorithms which eliminates the need for a position sensor.

The associate editor coordinating the review of this manuscript and

approving it for publication was Paolo Giangrande .

Many applications demands can be fulfilled with such an
improvement as Fans, pumps, and compressors. Others like
EPAS requiring high dynamic performance with dynam-
ically changing set-point and load are hard to be satis-
fied [2]. Due to their high power density, Surface-Mounted
PMSM (SPMSM) is often used in applications with space
constraints like the EPAS. Unlike Interior Permanent Magnet
Synchronous Motors (IPMSMs), traditional high-frequency
injection techniques cannot be used for startup and low-speed
operation [3]. This is due to the lack of rotor saliency [4],
making it challenging for the system to operate without
any physical positional feedback at low and zero speed
ranges. Other techniques have been developed to obtain a
good balance between cost and performance. One of which
is the combination of low-resolution incremental encoders
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with low-cost Hall-effect sensors to replace a high-resolution
rotary encoder [1]. Other techniques rely on the steering
wheel angle sensor combined with a proper sliding-mode
observer to estimate an accurate rotor position. Thus, elim-
inating the need for a dedicated angle sensor for the motor.
However, this comes at the cost of more complex mathe-
matical computations [5]. Traditional Brushless DC (BLDC)
motors use Hall-effect sensors to measure the rotor posi-
tion with a resolution of 60 electrical degrees [6]. Although
it is possible to use the raw position from the Hall-Effect
sensors to drive a PMSM, high current and torque ripple
will lead to a noisy and inefficient operation. As a low-cost
compromise, these Hall-Effect sensors can be used with a
proper algorithm to obtain a high-resolution rotor position.
This can be a cost-effective solution offering good dynamic
performance and eliminating the need for an initial rotor
position estimation algorithm [7]. Some systems use the
output speed computed from the Hall-Effect sensors with
vector tracking observers that rely on Back-EMF (BEMF)
estimation to obtain an accurate position estimate [8]. Seek-
ing a better angle tracking performance over a wide speed
and load ranges, non-linear observers can be used together
with Phase Locked Loop (PLL) for obtaining an accurate
position estimation [9]–[11]. Additionally, other researchers
use the spatial Fourier series to interpret the Hall-effect sen-
sor’s output as a rotating vector accompanied by a set of
harmonics, then feed the resulting angle to a vector tracking
observer [12]. The authors in [13] have used fuzzy logic
control with the average speed technique to obtain a precise
rotor position at low speeds. The purpose of this paper is to
present an implementation of an EPAS system powered by
an SPMSM. The motor is driven using only low-resolution
Hall-effect sensors. An improved rotor position estimation
algorithm based on the average speed integration [14] is
proposed.

The proposed algorithm uses a Finite StateMachine (FSM)
to operate the position estimator in three different states:
startup, forward estimation, and reverse estimation. During
startup, the rotor position is taken from the raw Hall-effect
sensor outputs which contain a position error of a maximum
of ±30◦ electrical. This tolerable amount of error ensures
the correct startup direction of rotation. With the first Hall
sensor transition, the estimator switches to the forward esti-
mation state where the position is calculated by numerically
integrating the computed speed from the Hall-effect sensors.
An incremental number is increased every estimation cycle
and multiplied by the computed Hall sensor speed. During
deceleration or direction reversal, the estimated rotor position
reaches its maximum allowed value at the sector boundary.
By then, the estimator switches to reverse estimation. Dur-
ing reverse estimation, the incremental number is gradually
decreased every estimation cycle till it reaches zero or the next
Hall sensor transition occurs. A simulation of the technique
is conducted on MATLAB/SIMULINK. The model contains
an EPAS system powered by an SPMSM. An experimental
setup is built to challenge the simulation results. The setup

uses an ARM Cortex M4 DSP to control a column-assist
EPAS unit used in medium-sized passenger vehicles. The
unit contains a 6-pole SPMSM with two sets of sensors:
a high-resolution incremental encoder and a low-resolution
Hall-effect sensor set. The proposed approach tends to have
a lower estimation error compared to the traditional average
speed technique especially during direction reversal with no
impact on the overall system’s cost and complexity. It requires
lower computational power and is less dependent on the
machine parameters when compared to observer-based and
PLL-based techniques. Additionally, no initial rotor position
estimation algorithm is required during startup.

The paper is organized as follows:
Section 2 contains the detailed model of the system includ-

ing the mechanical and electrical parts. Section 3 describes
the detailed methodology used to estimate high-resolution
rotor position information from the Hall-effect sensor.
Section 4 contains the simulation results. Section 5 describes
the details of the experimental setup as well as the practical
results. Section 6 summarizes the conclusions of the work
done.

II. SYSTEM MODEL
When the driver manipulates the steering wheel, the torque
sensor outputs a signal proportional to the magnitude and
direction of the driver’s applied torque. The signal is then fed
to the Electronic Control Unit (ECU) which then determines
the amount of assist torque required. Based on this, the elec-
tric motor is engaged.

The basic components of a column-assist EPAS system are:
the steering wheel, steering Torque & angle sensor, Assist
motor, ECU, and the rack & pinion.

A. MECHANICAL SYSTEM MODEL
While the main concern of this paper is the control of the
electrical machine, the mechanical model dictates the form
and dynamics of the applied mechanical load.

FIGURE 1. Mechanical system model [15].

Fig. 1 shows the relationship between its basic compo-
nents [15] [16]. Below are the rotary and linear dynamics
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equations.

Jsθ̈s = Td − Ks (θs − θr )− Bsθ̇s (1)

Jmθ̈m = Tm − Km (θm − Imθ r )− Bmθ̇m (2)

mẍ =
1
rp

[Km (θm−Imθ r ) Im+Ks (θs−θr )]−Br ẋ−Krx

(3)

where Td , θs, θr , θm and x are the driver’s applied torque,
steeringwheel angle, steering column angle, motor angle, and
the rack displacement respectively, Js and Jm are the steering
column and motor inertias respectively, Ks and Km are the
torsional rigidity of the steering column and the coupling
between the motor and gearbox respectively, Bs and Bm are
the viscous friction coefficients of the steering column and
the motor respectively, Kr ,Br and M are the steering rack
stiffness, viscous friction, and the mass of the rack respec-
tively, rp is the pinion radius and Im is the reduction ratio of
the gearbox.

B. ELECTRICAL MACHINE MODEL IN THE
DQ0 COORDINATES
Assuming symmetrical 3-phase sinusoidal currents, and
neglecting the effect of saturation, hysteresis, and magnetic
flux leakage, the SPMSM model can be represented by the
following equations:

vd = Rsid + Ld
did
dt
− ωeLqiq

vq = Rsiq + Lq
diq
dt
+ ωe(Ld id + ϕf )

(4)

And Ld = Lq =
Lab
2

for SPMSM (5)

where vd and vq are the direct and quadrature supply voltages
respectively, Ld and Lq are the direct and quadrature induc-
tances, id and iq are the direct and quadrature axis currents
respectively,Rs and ϕf are the stator phase resistance and the
flux linkage established by the permanent magnets respec-
tively, ωe is the electrical angular speed in rad/s and p is
the differential operator equivalent to d

dt . The electromagnetic
torque produced by the machine in the rotor reference frame
is as follows:

Te =
3
2
P
[
ϕf iq

]
(6)

where P is the number of pole pairs. The motion equation of
the motor is as follows:

Jm
dωm
dt
= Te − TL − Bmωm (7)

And ωm =
ωe

P
(8)

where ωm is the mechanical rotor angular speed and TL is the
load torque.

III. ROTOR POSITION ESTIMATION USING HALL-EFFECT
SENSORS
A. ROTOR ANGLE MEASUREMENT USING
HALL-EFFECT SENSORS
Three Hall-Effect sensors facing the rotor poles having an
angular spacing of 60 electrical degrees are used as shown
in Fig. 2 to measure the rotor position [6].

FIGURE 2. Hall effect sensor placement.

The alternation of the rotor poles in front of the sensors
while the machine is rotating causes their output state to tog-
gle. For one complete electrical revolution, six distinct sectors
and six transitions are produced as shown in Fig. 3 [17].

FIGURE 3. Hall-effect sensors output signals.

The combination of the three Hall-Effect sensors output
results in a 3-bit binary code. Every time the state of the 3-bit
binary code changes, the Hall-effect rotor position is updated
indicating a change in the rotor angle. Depending on the cur-
rent and previous states of this binary code, the rotor position
and the direction of rotation can be determined according
to Table 1.

TheHall-Effect sensorsmeasured angle illustrated in Fig. 4
compared with the actual electrical rotor angle.

B. ROTOR ANGULAR SPEED CALCULATION
Given that the electrical angle difference between 2 succes-
sive transitions is always 60◦, it is possible to calculate the
rotor angular speed from the hall sensors output bymeasuring
the time duration between 2 successive transitions using the
below equation:

ωh =
π
/
3

1t
(9)

where ωh is in rad/s, 1t is the time difference between two
successive transitions in seconds.
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TABLE 1. Hall sensor position lookup table.

FIGURE 4. Comparison of actual rotor angle to Hall sensor angle.

Although the Hall-Effect sensors measured position can
be directly fed to the vector controller to drive the motor,
large ripples will appear in the stator currents as well as in
the output torque due to the increasing error between the
actual rotor electrical angle and the one coming from the
Hall sensors. This results in reduced efficiency and noisy
operation. The maximum torque ripple can be expressed as
a function of the electrical angle error through the following
equation [18]:

Tr = Te
[
1− cos (θ̃ )

]
(10)

where θ̃ = θh − θe (11)

where T r is the peak-to-peak torque ripple, θ̃ is the angular
error caused by the error in the Hall sensor measurement,
θh is the Hall sensor measured angle and θe is the actual
electrical rotor angle. The maximum angular error θ̃ hap-
pens just before the Hall sensor transition. Fig. 5 shows
the electromagnetic torque when the motor is driven using
the Hall sensors position only. When the command torque
is a 2 Nm constant input, the peak-to-peak torque ripple is

FIGURE 5. Resulting electromagnetic torque ripple when using the
Hall-effect sensor measured position.

around 1.85 Nm, the rotor’s average electrical angular speed
is 30 rad/s.
Therefore, an algorithm is required to maintain a low

torque ripple, and hence providing a smoother operation with
good efficiency.

C. CONVENTIONAL HIGH-RESOLUTION ROTOR POSITION
ESTIMATION USING HALL-EFFECT SENSORS
An accurate value of the electrical rotor angle can be esti-
mated by interpolating the values between two hall sensor
transitions as a function of the hall sensor angular speed
from (9) as follows:

θ̂ (t) = θK +
∫
ωh(t)dt (12)

where θ̂ (t) is the estimated rotor angle in the time domain and
ωh(t) is the calculated angular speed from the previous Hall
senor transition. The discrete form of the above equation can
be written as follows:

θ̂ (k + 1) = θK +1θh (13)

1θh = ωh (k) nT (14)

where |1θh| <
π

3
(15)

where θ̂ (k+ 1) is the next estimated rotor position, n is a
number incremented each time the estimation loop is exe-
cuted, θK (K = 1, 2, 3 . . . 6) indicates the Hall sensor angle
at the current sector and ωh (k) is the calculated Hall sensor
angular speed in the previous sector and T is the time inter-
val at which the estimation loop is executed. Every time a
transition takes place and the sector changes, the incremental
number is reset to zero to align the estimated rotor position
with the new sector angle. To prevent large position estima-
tion errors, the estimated angle is saturated around the sector
borders as follows:

θ̂ (k + 1) =


θK +1θh, |1θh| <

π

3

θK +
π

3
sgn(ωh (k)), Otherwise

(16)

One important case to be studied is during direction rever-
sal. When the machine starts decelerating, the rotor speed
decreases. However, since the next Hall sensor transition is
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delayed as shown in Fig. 6, the estimated rotor angle θ̂ (k)
keeps increasing causing larger estimation errors. It often
happens in EPAS systems during maneuvering when the
driver abruptly reverses the direction of the applied torque
commanding the system to immediately change the direction
of rotation.

FIGURE 6. Speed estimation error during direction reversal.

High estimated angle errors are causing high ripples in
the output electromagnetic torque. Such high ripples, when
amplified by the reduction gearbox, will result in an uncom-
fortable driving experience. Additionally, this might cause
some confusion forcing the driver to take unnecessary actions
that might compromise the vehicle’s safety.

D. PROPOSED ROTOR POSITION ESTIMATION
ALGORITHM USING HALL-EFFECT SENSORS
A Finite State sequence is used to control the operation of the
estimator, three basic states are implemented to realize the
proposed algorithm:

• Startup
• Normal Estimation
• Reverse Estimation

Startup occurs right after the system is powered up. During
which, the estimated angle is equal to the left boundary angle
of the current sector. This results in a possible initial angle
estimation error of 30◦.

FIGURE 7. Different reference frames during startup.

In Fig. 7, dr − qr denote the actual rotor reference frame
while dh − qh denote the imaginary rotor reference frame
based on the Hall sensor measurement at startup and has an
error of θ̃ . Therefore, Idr and Iqr can be written as a function
of I∗ as follows [1]:

Idr = −I∗ sin (θ̃ )

Iqr = I∗ cos
(
θ̃
)

(17)

Substituting in (6) yields:

Te =
3
2
P
[
ϕf I∗cos(θ̃ )

]
(18)

Given a maximum angle error of 30◦, the resulting elec-
tromagnetic torque will have a value of 86.6% of the actual
commanded value in the same direction and hence, the startup
is always possible [12].

Once the motor starts spinning, with the first Hall sensor
transition, the state is changed to Normal Estimation. During
the normal estimation, (13) and (14) are used to evaluate
the high-resolution rotor position. Once the condition in (15)
becomes false, the state is changed to reverse estimation.
During the reverse estimation, the estimator works in the
opposite direction by decrementing the count variable n till
the next Hall sensor transition occurs or the count vari-
able reaches zero, then it returns to normal estimation.
The estimation cycle runs right before the Field-Oriented
Control (FOC) loop providing the updated estimated posi-
tion, which means they are both running at the same
rate. Fig. 8 shows the flow chart illustrating the improved
estimation technique.

E. SYSTEM BLOCK DIAGRAM
Themeasured stator currents are compared with the reference
direct and quadrature axis currents. The q-axis command
is proportional to the driver’s input torque determining the
amount of required assist while the d-axis current com-
mand is set to zero for maximum efficiency. The error sig-
nals are then fed to two discrete PI controllers to deter-
mine the appropriate output voltages to correct the error,
KP = 0.02 and KI = 5 [19]. The motor is driven by a
3-phase Voltage Source Inverter (VSI) powered from a DC
source similar to the vehicle DC bus which is 12V. The
Hall-Effect sensor outputs are then fed to the speed and
angle calculator which uses the data listed in Table 1 to
calculate the corresponding angle of the sector number.
By differentiating the Hall sensor angle, the rotor speed
is obtained accordingly. The rotor position estimator block
estimates the electrical rotor angle based on the inputs from
the Hall sensor’s computed angle and speed. Fig. 9 shows
the overall system block diagram of the proposed PMSM
drive system using Hall effect sensors. Space Vector Pulse
Width Modulation (SVPWM) is used to drive the inverter
gates [20].
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FIGURE 8. Improved position estimation flow-chart.

F. SIMULATION PARAMETERS
Since most modern motor drives use digital controllers,
the ECU has been modeled in the discrete-time domain with

a sampling time of 100 µs while the electrical machine and
the mechanical system were modeled in the continuous-time
domain using Sim-Power Systems and Sim-Scape respec-
tively. The PWM frequency for the SVPWM is set to
24 KHz. Table 2 contains the SPMSM parameters used for
the simulation [1].

TABLE 2. SPMSM parameters.

The mechanical system parameters are shown in Table 3.
The parameters related to the motor have been obtained
from [1] while the remaining parameters have been obtained
from [15] except for rp and M which have been experi-
mentally measured using a vernier caliper and weight scale
respectively. Im has been calculated by observing the number
of turns the input shaft needs to do in order to obtain one full
turn at the output shaft.

TABLE 3. Mechanical system parameters.

FIGURE 9. Overall system block diagram.
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IV. SIMULATION RESULTS
This section evaluates the performance of the improved
estimation algorithm through simulation performed using
MATLAB/Simulink.

A. SYSTEM RESPONSE TO A CONTINUOUS
TORQUE COMMAND
The system is fedwith a constant torque command of 1.55Nm
equivalent to a q-axis current command of 30A.

FIGURE 10. Simulated system response to a constant torque command
using the conventional angle estimator: (a) stator currents. (b) Rotor
angles. (c) Angle estimation error. (d) Electromagnetic torque.

As seen in Fig. 10, the maximum angle error is less than 5◦

electrical, the peak-to-peak electromagnetic torque ripple is
less than 0.1 Nm, or 6.45% of the total commanded torque at
an electrical angular speed of 257 rad/s.

With the improved estimator, as shown in Fig. 11 the
maximum angular error is also below 5◦ electrical, the
peak-to-peak electromagnetic torque ripple is 0.085 Nm
or 5.48%.

It can be noted that the proposed system offers a
1% less electromagnetic torque ripple compared with the
conventional approach.

B. SYSTEM RESPONSE TO A SINUSOIDAL
TORQUE COMMAND
In this section, the system is fed with a sinusoidal torque
command with an amplitude of 1.55 Nm (equivalent to 30 A
q-axis current) and a frequency of 10 rad/s.

FIGURE 11. Simulated system response to a constant torque command
using the improved angle estimator: (a) stator currents. (b) Rotor angles.
(c) Angle estimation error. (d) Electromagnetic torque.

1) ESTIMATED ANGLE ERROR
With the proposed technique, the maximum angle error is
42.8◦ as shown in Fig. 13, compared with 60.45◦ with the
conventional technique, as shown in Fig. 12.

FIGURE 12. Electrical rotor angle error with the conventional technique
when the system is subjected to a sinusoidal torque command.

2) ELECTROMAGNETIC TORQUE RIPPLE
With the conventional technique, the peak-to-peak electro-
magnetic torque ripple is 0.547 Nm, or 35.3% of the peak
command torque as shown in Fig. 14.

With the improved technique, the peak-to-peak electro-
magnetic torque ripple is 0.486 Nm, or 31.35% of the peak
command torque as shown in Fig. 15.
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FIGURE 13. Electrical rotor angle error with the proposed technique when
the system is subjected to a sinusoidal torque command.

FIGURE 14. Electromagnetic torque ripple with the conventional
technique when driven by a sinusoidal torque command: (a) q-axis
currents. (b) Electromagnetic torque ripple.

FIGURE 15. Electromagnetic torque ripple with the improved technique
when driven by a sinusoidal torque command: (a) q-axis currents.
(b) Electromagnetic torque ripple.

The improved technique offers a 4% torque ripple
reduction with better command tracking performance.

C. DISCUSSION
Simulation using MATLAB/Simulink has been performed in
order to investigate the feasibility of the proposed idea and

to study the system’s response. As a result, the improved
estimator achieved a lower rotor position estimation error
when compared with the traditional technique. The latter
had the effect of achieving a lower q-axis current ripple
which has led to less electromagnetic torque ripple. A com-
parison between the traditional and proposed techniques is
summarized in Table 4.

TABLE 4. Performance comparison between the simulated conventional
and improved techniques with a sinusoidal torque command.

V. EXPERIMENTAL SETUP AND RESULTS
A. SYSTEM RESPONSE TO A CONTINUOUS
TORQUE COMMAND
To verify the performance of the overall system with the
proposed improvement, an experimental setup is built around
a Motor-Driven Power Steering (MDPS) unit which is a type
of columnEPAS used inmid-size passenger vehicles. A block
diagram of the setup is shown in Fig. 16.

FIGURE 16. Experimental setup block diagram.

1) THE ASSIST MOTOR
The assist motor is a 6-pole SMPMSM with specifications
mentioned in Table 2. It contains three hall-effect sensors and
an incremental pulse encoder with a resolution of 2048 Pulse
per revolution. The sensor board is shown in Fig. 17.

2) THE MECHANICAL SYSTEM
The mechanical system contains a 20:1 worm-type gearbox
connecting the motor to the steering column.

A mechanical load is introduced by installing a disc brake
system as shown in Fig. 18 simulating the tire-to-ground
friction encountered by the EPAS system during normal oper-
ation. The amount of applied load is controlled by a brake
handle equipped with an adjustment screw to maintain the
desired amount of friction.

116492 VOLUME 9, 2021



R. R. Sorial et al.: Vector Controlled Drive System for Electrically Power Assisted Steering

FIGURE 17. Assist motor position sensors board.

FIGURE 18. Disc brake system.

3) THE ECU
The control algorithms are implemented on an STM32F407
ARM Cortex-M4 based microcontroller kit featuring a
Floating-Point Unit (FPU) and running at 168Mhz. The code
is written in C and compiled using ARM-GCC on Eclipse
IDE and STM32 CubeMX. The torque control is achieved by
controlling the d and q-axis currents via two discrete PI con-
trollersKP = 0.1 andKI = 3, the gains have been selected by
trial and error. The motor is driven using SVPWM, the PWM
frequency is set to 24KHz with a deadtime of 0.595 us.
Lower PWM frequencies would result in audible noise while
higher frequencies would inducemore stress on theMOSFET
transistors [21]. The FOC control loop is executed every three
PWM cycles (125 us). The incremental encoder interfaced
with the controller using a timer configured in the encoder
mode. The three Hall-effect sensor outputs are fed into an
input capture module with an XOR input feature which gen-
erates an input capture interrupt every time the state of any of
the outputs changes [22]. The timer clock frequency is set to
1MHz. The raw Hall sensor angle θh and direction of rotation
are then calculated using Table 1. The rotor angular speed
ωh then calculated using the timer-captured value the below
equation:

ωh =

( π
3

ICV

)
106 (19)

where ICV is the timer input captured value in micro-seconds
and ωh is in rad/s. The incremental encoder measured rotor
position is used as a reference in the assessment of the pro-
posed estimation algorithm (the high-resolution rotor posi-
tion) with a resolution of 0.527◦ electrical. Unfortunately,
incremental encoders do not report absolute position infor-
mation. Therefore, at startup, the first Hall sensor transition
is used to align the incremental encoder signal to the actual
rotor flux position.

A Printed Circuit Board (PCB) was designed and built to
interface the various inputs and output to the microcontroller
which includes the following:
• A 3-phase MOSFET VSI equipped with three low-side
shunt resistors with a value of 750 µ�.

• Three half-bridge MOSFET driver circuits.
• Three fixed-gain low-side current sense amplifiers to
measure the stator currents.

To filter out the stator current signals, passive low-pass filters
are implemented on the PCB right after the current sense
amplifiers as shown in Fig. 19, the cutoff frequency is set to
45Khz. Higher frequencies would reduce the filtering effect
allowing more noise in the measured current while lower
frequencies would cause unnecessary lag in the measurement
Furthermore, digital first-order lowpass filters are applied to
the d and q-axis current components inside the controller
program using the below formula [23]:[

idf (k + 1)
iqf (k + 1)

]
=

[
idf (k)
iqf (k)

]
+

2π fc
fs

[
id − idf (k)
iq − iqf (k)

]
(20)

where idf (k + 1), iqf (k + 1) and idf (k) , idf (k) are the new
and previous filtered d and q-axis currents respectively, id , id
are the unfiltered current values, fc and fs are the cutoff and
sampling frequency respectively. The cutoff frequency is set
to 50 Hz. The sampling frequency is 8 KHz for a 125 uS loop
period.

Fig. 20 contains the flowcharts illustrating the various
functions performed by the ECU. Due to the timing con-
straints, most of the time-critical functions are handled by
Interrupt Service Routines (ISR). The timer responsible for
the PWM generation is also responsible for triggering the
Analog-to-Digital converter (ADC) conversions to measure
the stator currents. Since low-side current sensors are used,
the stator currents are read when the low-side switches are on
using the below equation [24].

vsense = (i.Rshunt )Ag + vref (21)

where i is the current flowing into the resistor, vsense is the
current sense amplifier output voltage, Rshunt is the current
sense resistor, Ag is the amplifier’s gain which is 50 V/V and
vref is the reference voltage which is set to 1.65 V allowing a
full-scale current measurement of ±44 A per channel.

4) THE COMPUTER SOFTWARE
A program is built using LabView to interface with the
ECU for control and data acquisition. The program gener-
ates the signal that mimics the driver input torque. It also
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FIGURE 19. Interface PCB schematic.

FIGURE 20. ECU program flow chart.

acquires multiple signals from the microcontroller’s memory
including actual and estimated rotor position, stator currents,
and rotor speed. A customized communication protocol is
designed for high-speed data acquisition via USB allowing
live data to be captured from the ECU at sampling rates
reaching 4.5 Ksps depending on the data length.
A picture of the complete setup is presented in Fig. 21.
In this setup, the q-axis current command is generated from

the PC software.

Two test scenarios were developed to verify the effective-
ness of the proposed approach:
• Operation under a constant torque command
• Operation under a sinusoidal torque command

For the purpose of comparison, the rotor position information
used with the vector controller is taken from the following
sources:
• Raw Hall-effect sensors output
• Traditional Hall-effect sensor position estimator
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FIGURE 21. Picture of the experimental setup showing various system
components.

• Improved Hall-effect sensor position estimator
• High-resolution incremental encoder

The output from the high-resolution rotary encoder is used as
a reference to compare the other solutions.

B. SYSTEM RESPONSE TO A CONSTANT
TORQUE COMMAND
The system is subjected to a constant torque command equiv-
alent to a 30 A q-axis current command (d-axis current
command is set to 0).

FIGURE 22. Experimental system response to a constant torque
command while driven using raw Hall sensors output. a) Stator currents.
b) Rotor angles (Actual vs. Hall). c) Angle error.

FIGURE 23. Experimental system response to a constant torque
command while driven using the conventional hall sensor estimator
angle. a) Stator Currents. b) Different rotor angles. c) Angle error.

FIGURE 24. Experimental system response to a constant torque
command while driven using the improved hall sensor estimator angle.
a) Stator currents. b) Different rotor angles. c) Angle error.

Although it is unfavorable, an EPAS system can be oper-
ated using only the raw hall sensors output. The maximum
angle error will be 60◦ electrical and the peak q-axis current
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FIGURE 25. Experimental system response to a sinusoidal torque
command while driven using the high-resolution encoder angle. a) q-axis
command and response. b) Different rotor angles. c) Stator currents.

error (Iqref − Iq) is 9.4A or 31% of the current command
value.

The downside would be the ripple present in the drive cur-
rent caused by the varying angular error as shown in Fig. 22.
This ripple eventually leads to torque fluctuations which are
translated intomechanical vibrations that are amplified by the
gearbox affecting the driver’s comfort and safety.

Using the hall sensor estimator described using (13)-(16)
has the effect of maintaining a maximum angular error of
less than 10◦ electrical as shown in Fig. 23. The difference
between the improved estimator technique shown in Fig. 24
and the conventional one is insignificant when the system
is subjected to a constant torque command. However, this is
not the case in EPAS where the system needs to respond to
varying torque commands.

C. SYSTEM RESPONSE TO A SINUSOIDAL
TORQUE COMMAND
The system is subjected to a sinusoidal torque command
equivalent to 20A peak q-axis current command with a
frequency of 10 rad/s (d-axis command is set to zero).
To achieve the required current command, frictional load
torque is applied to the system using the disc brake.

As mentioned earlier, the system’s performance when
driven using the high-resolution encoder is considered to be
the ideal case in this paper since it provides the most accurate

FIGURE 26. Experimental system response to a sinusoidal torque
command while driven using the raw Hall-effect sensors angle. a) q-axis
command and response. b) Different rotor angles. c) Stator currents.

rotor position information. This can be seen in Fig. 25 where
the stator currents suffer from minimum distortion and the
q-axis current command tracking performance is at its best.
The peak-to-peak q-axis current error is 6.4 A or 32% of
the peak command torque. The worst-case scenario is shown
in Fig. 26where the system is driven using theHall-effect sen-
sor angle. The stator currents are highly distorted, the q-axis
current suffers from a high amount of ripple, additionally,
audible noise is noticed. The maximum error between the
actual angle (the high-resolution encoder) and the hall sensor
angle is 60◦ while the peak-to-peak q-axis current error is
13.9 A or 69% of the peak commanded value.
As shown in Fig. 27, introducing the conventional

Hall-sensor angle estimator had the effect of improving the
q-axis command tracking performance with lower ripples
compared with the previous case. However, the estimator
performance significantly drops during direction reversal due
to the delayed hall sensor transition. The maximum angle
error is 121◦ and the peak-to-peak q-axis current error is 8.2A
or 41% of the peak commanded value. The stator currents
are still slightly distorted due to the sudden jumps in the
estimated angle caused by the forced adjustment occurring
at each Hall sensor transition [25].

As shown in Fig. 28, by using the improved hall sensor
estimator, the stator currents experience much less distortion
compared with the previous case while maintaining a good
q-axis command tracking performance.
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FIGURE 27. Experimental system response to a sinusoidal torque
command while driven using the conventional Hall sensor estimator
angle. a) q-axis command and response. b) Different rotor angles. c)
Stator currents.

The maximum estimation error is less than 55◦ and the
peak-to-peak q-axis current error dops to 7 A or 35% of
the peak commanded value. Table 5 summarizes the results
of the conducted experiment comparing the overall system
performance with different rotor position sources.

TABLE 5. Performance comparison between different rotor position
estimation techniques.

D. DISCUSSION
Experimental verification has been carried out on an actual
column-assist EPAS system containing a 6-pole PMSM con-
nected to the steering column via a reduction gearbox.
A disc brake system was used to apply frictional load on
the steering column simulating the tire-ground friction nor-
mally encountered by EPAS systems. As demonstrated in the
experimental results section, the proposed algorithmwas suc-
cessfully implemented on the actual hardware. Multiple test

FIGURE 28. Experimental system response to a sinusoidal torque
command while driven using the improved Hall sensor estimator angle. a)
q-axis command and response. b) Different rotor angles. c) Stator
currents.

FIGURE 29. System response to a sinusoidal q-axis current command
of 10 rad/s and 20 A. while driven using the improved Hall sensor
estimator angle. a)Simulation. b) Experimental setup.

scenarios have been considered in order to evaluate the over-
all system’s performance under different conditions when the
rotor position information is taken from different sources.
The improved technique has shown superior performance
compared to the conventional approach.

A seen in Fig. 29, there exist some differences between
simulation and experimental results. These differences are
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due to the inverter nonlinearities caused by the deadtime [26],
simulated load nonuniformity, and the noise and delay present
in the measured stator currents.

VI. CONCLUSION
In this paper, a Vector-controlled PMSM drive has been suc-
cessfully applied to an Electrically Power-Assisted Steering
system using only low-cost Hall-effect sensors. An improved
Hall-Sensor angle estimator was implemented to enhance
the system’s response, especially to a dynamically varying
torque command. The latter offered lower estimation error
especially in the case of direction reversal. The improved
angle estimator offers a maximum angular error of less than
10◦ electrical when the torque command is constant. When
subjected to a sinusoidal torque command, the maximum
instantaneous angular error is less than 55◦ electrical com-
pared to 120◦ with the conventional method. Although many
sensor-less estimation algorithms have been used with vector
control, they suffer from sensitivity to parameter variation,
require higher computational power, need an accurate esti-
mation for the machine parameters. They require the use
of a low-noise current acquisition system. Additionally, for
applications requiring a smooth startup, accurate initial rotor
position estimation algorithms may be needed. Therefore, the
simple technique proposed in this paper would be a favorable
choice, offering stable performance less dependent on the
machine parameters and load conditions while requiring a
minimal amount of computational power similar to that of
the traditional average speed technique. Moreover, no ini-
tial position estimation algorithm is required since the hall
sensors report the initial absolute rotor position information
with a tolerable amount of error to ensure a correct startup.
In future work, the performance of the system can be fur-
ther improved by using the positional information from the
steering angle sensor mounted on the steering column. The
latter can be combined with the technique presented in this
paper to obtain a lower estimated angle error, especially in
the low-speed region.
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