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DSP Based Simulator for Field Oriented Control
of the Surface Permanent Magnet Synchronous
Motor Drive
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Abstract-- Permanent Magnet Synchronous Motors (PMSM) have
wide applications in industry, especially in AC servo drives.
Digital Signal Processors (DSP) has greatly enhanced the potential
of PMSM servo drive in such applications. Most of controller
drives the PMSM by using the field-orientation control mode. This
method laid the motor at maximum theoretical performance.

This paper presents the field oriented vector control scheme for
permanent magnet synchronous motor (PMSM) drives, where
current controller followed by hysteresis comparator is used. The
field oriented vector control, that regulates the speed of the PMSM,
is provided by a quadrature axis current command developed by
the speed controller. The simulation includes all realistic
components of the system. This enables the calculation of currents
and voltages in different parts of the voltage source inverter (VSI)
and motor under transient and steady state conditions.
Implementation has been done in MATLAB/Simulink. A study of
hysteresis control scheme associated with current controllers has
been made. Experimental results of the PMSM control using
TMS320F24X DSP board are presented. The speed of the PMSM
is successfully controlled in the constant torque region.
Experimental results show that the PMSM exhibits improved speed
stability especially in very low speed range. The validity and
usefulness of the proposed control scheme are verified through
simulation and experimental results.

Keywords-- Field Oriented Control, PMSM, Hysteresis Current
Controller, DSP, MATLAB/Simulink

I. INTRODUCTION

ERMANENT magnet (PM) synchronous motors are

widely used in low and mid power applications such as

computer peripheral equipments, robotics, adjustable
speed drives, electric vehicles and other applications in a
variety of automated industrial plants. In such applications,
the motion controller may need to respond relatively swiftly
to command changes and to offer enough robustness against
the uncertainties of the drive system [2, 4, 7, 8]. Among ac
and dc drives, PMSM has received widespread appeal in
motion control applications.
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The complicated coupled nonlinear dynamic performance of
PMSM can be significantly improved using vector control
theory [3, 4, 5, 7, 9, 10] where torque and flux can be
controlled separately.

The growth in the market of PM motor drives has demanded
the need of simulation tools capable of handling motor drive
simulations.

Under perfect field orientation and with constant flux
operation, a simple linear relation can characterize the
torque production in the motor when the magnetic circuit is
linear [11, 12, 13, 14, 15-22].

However, the control performance of PMSM drive is still
influenced by uncertainties, which usually are composed of
unpredictable plant parameter variations, external load
disturbances, and unmodeled and nonlinear dynamics of the
plant.

Simulations have helped the process of developing new
systems including motor drives, by reducing cost and time.
Simulation tools have the capabilities of performing
dynamic simulations of motor drives in a visual
environment so as to facilitate the development of new
systems [6, 15].

In this work, the simulation of a field oriented controlled
PM motor drive system is developed using
MATLAB/Simulink. The simulation circuit will include all
realistic components of the drive system. This enables the
calculation of currents and voltages in different parts of the
inverter and motor under transient and steady state
conditions. A closed loop control system with a PI controller
in the speed loop has been designed to operate in constant
torque region. A study of hysteresis control scheme
has
Simulation results are given for the speed range in constant

associated with current controller been made.
torque region of motor operation. Finally, the experimental
verification obtained by using the DSP based vector control

is presented.

IL. PMSM DRIVE SYSTEM
A. Modeling of PMSM

PMSM is composed of three phase’s stator windings and
permanent magnets mounted on the rotor surface (surface
mounted PMSM) or buried inside the rotor (interior
PMSM). It means that the excitation flux is set-up by
magnets; subsequently no magnetizing current is needed
from the supply.
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The electrical equations of the PM synchronous motor can
be described in the rotor rotating reference frame, written in
the (dq) rotor flux reference frame [11, 13, 15-22].
The mathematic model of PMSM is based on the following
assumptions:
(1) Neglecting the saturation of armature;
(2) Neglecting the wastages of eddy and magnetic hysterics;
(3) There is no rotor damp resistance.
The relations of voltage, torque and flux of surface mounted
PMSM are described as follows:

—o,

4 [iq - R/ iq 1/ Zq
L[ R g, el o

where i; and i, are the d and ¢ axis stator currents, R and L
are the stator phase resistance and inductance respectively;
the d-axis self inductance (L,) and the g-axis self inductance
(L,) are all equal to L; o, is the rotor electrical speed; v, and
v, are the stator voltages expressed in the dq reference frame
and A is the flux linkage established by rotor permanent
magnets.

The inverter frequency is related as follows

ws =P 2
where P is the number of pole pairs.

The electromagnetic torque is given by

T, =3P [As ig + (La — Lg)lalq) 3)

The basic principle in control of PMSM drive is based on
field orientation. The flux position can be determined by the
shaft position sensor because the magnetic flux generated by
permanent magnet is fixed in relation to the rotor shaft
position. To ensure the vector control of the PMSM, the
technique id=0 is the optimal strategy where the motor

produce the maximum torque. If id is forced to be zero by

closed loop control, then:

Te = ke ig “)
with
ke=(3) P Ay (5)

Since Ay is constant, the electromagnetic torque is then
directly proportional to current i,. The torque equation is
similar to that of separated excited DC motor. This feature
can simplify the controller design of the PMSM, which is
used in the controller simulation experiment in this paper.
The equation of the motor dynamics is

T,= T, + B o, + ] (dw/dt) (©6)

T, stands for external load torque. B represents the damping
coefficient and J is the moment of inertia of the rotor.
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It is evident from equations (4) and (6) that the speed control
can be achieved by controlling the g-axis current component
iy as long as the d-axis current i, is maintained at zero.

The equations (1) and (6) constitute the whole control model
of the PMSM.

A system configuration of a vector-controlled PMSM drive
system is shown in Fig. 1.
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Fig.1 PMSM vector-controlled drive with constant flux
operation

B.  Vector Transformation dg/abc

The dynamic d q modeling is used for the study of motor
during transient and steady state. It is done by converting the
dqo variables to three phase currents by using inverse Parks
transformation [11, 13, 15-22].

Converting the phase currents variables i *dqo to i . variables
in rotor reference frame the following equations are
obtained

sinf 17 r1iq
sin (6 — 120) 1] [idl (7
sin (6 +120) 1

iq cos6
[ibl = [cos (6 —120)
ic cos (6 +120) io

C. Current Controlled Inverter
PMSM is fed form a voltage source inverter (VSI) with
current control. The control is performed by regulating the
flow of current through the stator of the motor. Current
controllers are used to generate gate signals for the inverter.
Proper selection of the inverter devices and selection of the
control technique will guarantee the efficiency of the drive.

Voltage Source Inverter (VSI)

SR | O S
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C
A 3 K &
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Fig. 2 Voltage source inverter (VSI)
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Voltage Source Inverters (VSI) are devices that convert a
DC voltage to AC voltage of variable frequency and
magnitude. They are very commonly used in adjustable
speed drives and are characterized by a well defined
switched voltage wave form in the terminals [1, 13].

Fig. 2 shows a voltage source inverter. Three phase inverters
consist of six power switches connected as shown in Fig. 2
to a DC voltage source. The inverter switches must be
carefully selected based on the requirements of operation,
ratings and the application. There are several devices
available today and these are thyristors, bipolar junction
transistors (BJTs), MOS field effect transistors (MOSFETs),
insulated gate bipolar transistors (IGBTs) and gate turn off
thyristors (GTOs). MOSFETs and IGBTs are preferred by
industry because of the MOS gating permits high power
gain and control advantages. While MOSFET is considered
a universal power device for low power and low voltage
applications, IGBT has wide acceptance for motor drives
and other application in the low and medium power range.
The power devices when used in motor drives applications
require an inductive motor current path provided by
antiparallel diodes when the switch is turned off.

Hysteresis Regulator

In the vector control scheme, torque control can be carried
out by suitable regulation of the stator current vector; this
implies that accurate speed control depends on how well the
current vector is regulated. In high-performance vector
drives, a current-control loop, with a considerably high
bandwidth, is necessary to ensure accurate current tracking,
to shorten the transient period as much as possible and to
force the voltage source inverter (VSI) to equivalently act as
a current source amplifier within the current loop
bandwidth. In this work, a hysteresis-band current controlled
VSI is used. To achieve a regular switching frequency and
low harmonic content in the stator currents, a band
hysteresis current controller is used.

This controller will generate the reference currents with the
inverter within a range which is fixed by the width of the
band gap. In this controller the desired current of a given
phase (i,,*, i,” and ic*) is summed with the negative of the
measured current (i,, i, and i.). When the current error
exceeds a predefined hysteresis band, the upper switch in
the half-bridge is turned off and the lower switch is turned
on. As the current error goes below the hysteresis band, the
opposite switching takes place. The principle of hysteresis
band current control is illustrated in Fig. 3.

Peak to peak current ripple and switching frequency are
related to the width of hysteresis band. As the width of the
hysteresis band increases, the current ripples increases and
the switching frequency decreases. On the other hand when
the hysteresis band decreases, the current waveform
becomes better having less low order harmonic contents but
in this case the switching frequency
consequently the switching losses. As a result, the selection
of the width of the hysteresis band must be carried out to
optimize the balance between harmonic ripples and inverter
switching losses.

increases and
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Fig.3 Hysteresis current controller

Hysteresis-band current control is very popular because it
is simple to implement, has fast transient response, direct
limiting of device peak current and practical insensitivity to
machine parameters because of the elimination of any
additional current controllers. However, PWM frequency is
not fixed which results in non-optimal harmonic ripple in
machine current.

This controller does not have a specific switching frequency
and changes continuously but it is related with the band
width [13, 15, 23-24].

D. Implementation of the Speed Control Loop

Speed controller calculates the difference between the
reference speed (@*) and the actual speed (@) producing an
error, which is fed to the PI controller. PI controllers are
used widely for motion control systems. Speed control of
motors mainly consist of two loops the inner loop for
current (band hysteresis current controller) and the outer
loop for speed (speed controller) as shown in Fig.l. The
order of the loops is due to their response, how fast they can
be changed. This requires a current loop at least 10 times
faster than the speed loop.

An optical encoder is used as a position sensor, which

consists of a rotating disk, a light source, and a photo
detector (light sensor) as shown in Fig. 4. The disk, is
mounted on the rotating shaft, has coded patterns of opaque
and transparent sectors. As the disk rotates, these patterns
interrupt the light emitted onto the photo detector,
generating a digital pulse or output signal. Optical encoders
offer the advantages of digital interface.
One type of optical encoders is called an incremental
encoder, which is used in this system. Incremental encoders
have good precision and are simple to implement. The most
common type of incremental encoder uses two output
channels (A and B) to sense position.
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Fig. 4 Optical encoder

Using two code tracks with sectors positioned 90° degrees
out of phase, the two output channels of the quadrature
encoder indicate both position and direction of rotation as
shown in Fig. 5. If A leads B, for example, the disk is
rotating in a clockwise direction. If B leads A, then the disk
is rotating in a counter-clockwise direction. By monitoring
both, the number of pulses and the relative phase of signals
A and B, it's possible to track position and direction of
rotation. Some quadrature encoders also include a third
output channel, called a zero or index or reference signal,
which supplies a single pulse per revolution. This single
pulse is used for precise determination of a reference
position. The precision of the encoder is fixing by its code
disk but it can be increased by detecting the Up and Down
transitions on both the A and B channels.

Channel &

Channel B
Code track on disk

Channel &
Channel B

Fig. 5 Quadrature Encoder Channels
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Fig. 6 System Flow Diagram

E.  Software Implementation

Control loops in the actual drive system, shown in Fig. 1,
are implemented in software on Texas Instruments
(TMS320F24X) processor and executed with a cycle period
of 70us. The flow-chart of this program is shown in Fig. 6.
At switching on, the program initialises the hardware
registers, 1/0 ports are then pre-set to their initial states, the
inverter, ADC converters, position sensor (optical encoder)
and software variables. Then it initialises the speed
calculation and hysteresis regulators. The system now
completes all initialisations and starts the main program
which requires a computational time of 70us of period
cycle.
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The main program will first calculate actual speed of the
motor (w), read reference speed (w*) and actual currents (i,,
i, and i.) from ADCs. Errors are then saved and new errors
are calculated. Speed regulator is realised by a discrete PI.
Calculation of i,* and i;* in the rotating reference frame is
done. Then it will read position from the encoder.

Based on rotor position, three-phase reference currents (i, ,
iy and ic*) in the stationary reference frame are calculated.
This is followed by the execution of currents loop and
resulting controlled signals are sent to the inverter.

111 SIMULATION IN SIMULINK

Simulink has the advantages of being capable of complex
dynamic system simulations, graphical environment with
visual real time programming and broad selection of tool
boxes [11]. The simulation environment of Simulink has a
high flexibility and expandability which allows the
possibility of development of a set of functions for a
detailed analysis of the electrical drive. Its graphical
interface allows selection of functional blocks, their
placement on a worksheet, selection of their functional
parameters interactively, and description of signal flow by
connecting their data lines using a mouse device. System
blocks are constructed of lower level blocks grouped into a
single maskable block. Simulink simulates analogue systems
and discrete digital systems [24].

The PMSM drive simulation was built in several steps like
dqo variables transformation to abc phase, calculation
torque and speed, control circuit, inverter and PMSM. The
dqo variables transformation to abc phase is built using the
reverse Parks transformation. For simulation purpose the
voltages are the inputs and the current are output. Using all

the drive system blocks, the complete system block has been
developed as shown in Fig.7.

The system built in Simulink for a PMSM drive system has
been tested with the Hysteresis current control method at the
constant torque region of operation.

The motor parameters used for simulation are given in Table
1.

Name Symbol | Value
Rated power P, 3.9 kW
Rated voltage V, 180 V
Rated torque T, 12.5 N-m
pull out torque T max 45 N-m
Rated current I, 149 A
Rated speed n, 3000 RPM
Number of pole pairs | P 3

Stator resistance R 0.3Q

PM flux linkage A 0.185 Wb
g-axis Inductance L, 0.0085 H
d-axis Inductance Ly 0.0085 H
Motor Inertia J 0.0755 kgm®

Table 1: PMSM Parameters
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Fig. 7: PM Synchronous Motor Drive System in Simulink
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Fig. 8: Actual phase currents with Hysteresis Control at
1500 rpm rad/s

Fig. 8 shows the real three phase currents drawn by the
motor as a result of the hysteresis current control, where the
comparison between the actual and desired current for phase
a is displayed in Fig. 9. The currents are obtained using
Park's reverse transformation. It is clear that the current is
non sinusoidal at the starting and becomes sinusoidal when
the motor reaches the controller command speed at steady
state.

30
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_30 L I
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time (s)
Fig. 9: Actual and desired current for phase at 1500 rpm
rad/s

Fig. 10 shows a variation of the speed with time. The steady
state speed is the same as that of the commanded reference
speed. Fig.11 shows the developed torque of the motor. The
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starting torque is the rated torque. The steady state torque is
about 1 Nm.
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Fig. 10: Dynamic performance for a step variation of the
reference speed from 0 RPM to 2600 RPM (® =272 rad/s)
with a torque load of 1 Nm
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Fig. 11: Developed Torque with Hysteresis Control at 2600
rpm

Fig. 12 shows the real three phase currents drawn by the
motor as a result of the hysteresis current control, when the
motor changes its speed from -2200 rpm to 2200 rpm with a
load torque of 10 Nm. It is clear that the currents are
inversed due to the speed variation from -2200 to 2200 rpm.
The speed performance is shown in Fig.13 for this case. The

steady state speed is the same as that of the commanded
reference speed. Fig.14 shows the developed torque of the
motor for the speed variation from -2200 to 2200 rpm. The
starting torque is the rated torque (12.5 Nm). The steady
state torque is about 10 Nm in positive and negative
operation of the motor.
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Fig. 12: Inversion of actual phase currents due to a step
variation of a speed from -2200 rpm to 2200 rpm (o =230
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Fig. 13: Dynamic performance for a step variation of the
speed from -2200 rpm to 2200 rpm (® =230 rad/s) with a
torque load of 10 Nm
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Fig. 14: Developed Torque with Hysteresis Control for a
step variation of the speed from -2200 rpm to 2200 rpm (®
=230 rad/s)
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Iv. EXPERIMENTAL RESULTS

A DSP based PC board integrated system (TMS320F24X
DSP board), is used for vector control of PMSM drive. The
schematic diagram of the hardware implementation is shown
in Fig. 15. Feedback signals to the controller board are the
actual motor currents and the rotor position angle. The
currents are measured by the Hall-effect transducers. The
currents are then buffered and fed to the A/D ports of the
controller board. The motor shaft position is measured by an
optical incremental encoder installed at the motor shaft. The
commutating signals for the drive pulses have also been
generated by the hysteresis controller. The control algorithm
has been implemented via the controller board using
assembly language programming.

V. [T pwM
b T inverter

LYl

Base drovwe
circuit

Base drive
mnd

commutation

pulse generator

AAARA

Motor currents

_ 'YV
AJD

-
PC-AT L > Encoder

Interface

TMS320F 24K

Fig. 15: The hardware schematic of Experimental system

A series of experiments has been carried out to evaluate the
performances of the proposed vector controlled PMSM
drive system. Different sample results are presented in the
following figures. Figs. 16 and 17 demonstrate the actual
phase current i, wave form at different speeds 1500 rpm,
3000rpm respectively.

10ms / div
(10ms /div)

CH2=6 A/div _
L . NORM:IOOKS/s

ST

Fig. 16: Actual phase current i, wave form at 1500 rpm
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Fig. 17: Actual phase current i, wave form at 3000 rpm

The experimental evaluation of speed with load as
parameter of DSP based PMSM drive is shown in Fig. 18. It
shows the step speed response of 2600rpm of the proposed
system for a load of INm.

In Fig. 19, the behaviour of the current of phase A is shown
during the inversion of speed from 1500 RPM to -1500 rpm
with load torque of 1 1Nm.

= = i 1s/div
CH1=CH2=1000rpm)/div. (tovdiv)
Reference speed NORM: 10kS /s

Fig. 18: Experimental speed responses of PMSM drive with
step change in load of INm

Fig. 20 shows the response of the drive to a step variation of
the reference speed from -2200 to 2200 rpm with a load
torque of 1 Nm, the response time is of less than 3s. In Fig.
21, the same experiment is implemented but with a load
torque of 10 Nm, the response time is of 3.5s.

Issue 1, Volume 6, 2012

36

. . 1
CH1=1000 (rpm)/div. CH2=6 Afdiv e -

b NORMIOKS/S

i

L a_actaul

B
o
o
2,

ettt bt

Fig. 19: Inversion of actual speed and actual phase current i,
wave forms due to a step variation of the reference speed
from 1500 rpm to -1500 rpm (load Torque of 11 Nm)
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Fig.20: Dynamic performance for a step variation of the
reference speed from -2200 rpm to 2200 rpm (load torque of
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Fig.21: Dynamic performance for a step variation of the
speed reference from -2200 rpm to 2200 rpm (load torque of
10 Nm)
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V. CONCLUSIONS

The proposed field oriented vector controlled PMSM drive
can handle the effects of step change in reference speed and
parameter variations. The overall system performances are
quite good in terms of dynamic, transient and steady-state
responses.

Simulation and experimental results show that the proposed
control scheme guarantees stable and robust response of the
PMSM drive, under a wide range of operating conditions.
Subsequently, it can be utilized in high performance motion
control applications.
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