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Abstract - This article presents the procedure for identifying
the electrical and mechanical parameters of the PMSM
(Permanent Magnet Synchronous Motor). The parameter
identification procedure is required in the event that the
motor's electrical and mechanical parameters are unknown,
or in industrial applications at the beginning of a drive cycle
due to variations of the PMSM parameters with the tem-
perature. The parameter identification procedure is imple-
mented in the Matlab/Simulink environment. This proce-
dure was also implemented in an embedded system and the
results of the two (offline and online) identification methods
of the nominal parameters of the PMSM are presented
comparatively to the parameters in the datasheet. It pre-
sents the block structure of the PFC together with the nu-
merical simulations achieved in Matlab/Simulink, on the
improvement of the PF (Power Factor) of the supply circuit.
It also presents the block structures of the FOC (Field Ori-
ented Control) strategy and of the back-EMF (back Elec-
tromotive Force) sliding mode, MRAS (Model Reference
Adaptive System), and PLL (Phase Locked Loop) type ob-
servers. The numerical simulations show the superiority of
rotor speed estimation when using the back-EMF sliding
mode observer compared to the rotor speed estimate pro-
vided by MRAS and PLL observers.

Cuvinte cheie: PMSM, FOC, identificare parametri, corectare
PF, observer de stare, sistem embedded.

Keywords: PMSM, FOC, parameters identification, PF correc-
tion, state observer, embedded system.

I. INTRODUCTION

The ever-growing use of PMSMs in variable speed
electric drives, robot operation, computer peripherals is
based on the fact that these motors have low power con-
sumption, reduced dimensions and high duty density. The
generation of the magnetic field in PMSMs is carried out
by permanent magnets. Low inertia and rapid response is
due to the absence of the rotor cage. Some of the general
advantages of PMSMs are: easy cooling, losses concen-
trated in the stator, low harmonic contents in the torque,
and high performance of control due to the sinusoidal
form of the back-EMF. By making use of the characteris-
tics and advantages of PMSMs, algorithms and advanced
control methods have been developed [1-3]. In addition to
standard DTC (Direct Torque Control) and FOC control

strategies [4, 5], we mention methods as robust control
[6], adaptive control [7, 8], model predictive control [9],
and also neuro-fuzzy and intelligent control [10].

The above mentioned control systems can acquire the
speed response from special transducers or they can use
software implemented observers, which allow for these
transducers to be renounced, thereby providing advantages
on the reliability of the global control system. Among
these we mention the Kalman filters, the back-EMF slid-
ing mode observer, the MRAS observer, and the PLL ob-
server [11-14].

There is also a growing interest in improving the energy
quality. One of the methods which are applicable to a
wide range of outputs is the PFC implementation. PFC
control techniques have been developed for the relatively
small output range in which the PMSM is also included.
These methods use the control of a transistor (MOSFET,
IGBT, etc.) which connects or disconnects a series induc-
tance at high frequencies, so that the phase shift between
the current and the voltage absorbed from the power sup-
ply is zero [15-17].

The estimation and identification of the electrical and
mechanical parameters of PMSM is a particular problem.
As a result of the significant development of microcon-
troller computation power in embedded systems, complex
control algorithms like those mentioned above, as well as
PMSM parameter identification algorithms, are imple-
mented in real-time systems [18-22].

This article presents the implementation of a power fac-
tor correction and a sensorless control system with FOC
strategy and back-EMF observer, in an embedded system.
The problem of identifying the electrical and mechanical
parameters of the PMSM is also addressed, both by nu-
merical simulations and by online identification. The rest
of paper is structured as follows: the mathematical model
of the PMSM is described in Section 2. Section 3 presents
the estimation of the PMSM’s parameters through nu-
merical simulation. Section 4 presents the numerical simu-
lation of the power factor correction. The comparative
implementation of the back-EMF, the MRAS, and the
PLL observers for the sensorless control of the PMSM is
presented in Section 5. The hardware and software im-
plementation for the sensorless control of the PMSM is
presented in Section 6. The last section presents some
conclusions and ideas for future works.
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II. PMSM MATHEMATICAL MODEL

Following [4, 5], [26] with the usual notation, in a, b, ¢
reference frame, and the stator voltage equations are given
by:

fay ]
v, R, 0 011, ddl .
v, =] 0 R0 ||+ LY M
‘ dt
v, 0 0 R, |1 dy,
dt

where v,, v, and v, represents the phase voltages on
each stator windings, Ry represents the phase resistance
stator winding, i,, i,, and i, represents the currents stator,
and v,, v, and v, represents the magnetic flux on each
stator windings.

Note with 0, the electrical angle, 0, rotor angle and N
the number of pole pairs. With these 6, = N- 6,.

Using the Park’s transformation given by:

cos 0, cos(@, —2m/3) cos(@, +2m/3) 2)
P=2/3-sin§, -—sin(f,-27/3) -—sin(f,+27x/3)
1/2 1/2 1/2

The equations of voltages and stator currents are ob-
tained in d-q reference frame:

. di .
Vd:Rsld+Ld7;+lequ 3)
) di, )
v, =R, +Lq;+ No(i,L,+vy,)

where in addition to the usual notations v, represents
the permanent flux linkage.

The rotor torque equations are given by:

3.0 .. ..
Te =5N(lq(lde +l//m)_ldquq)

T =T, +Bao+J %%
dt

4)

where J represents the rotor inertia, B represents the
viscous friction coefficient, Ty, represents the mechanical
torque, T, represents the electromechanical torque, and Ty,
represents the load torque.

The back-EMF constant k. is defined as the maximum
induced voltage by the permanent magnet in each stator
phase per rotational unit:

k,=Ny , ®)

It results from this that the back-EMF for one phase e,
can be written as follows:

e, = k,o 6)
The torque constant k; is defined as the maximum
torque value induced by each phase, per current unit. k; is

numerically equal to the back-EMF constant k. when both
are expressed as SI units:

k, =Ny, (7

In simplified form when Ly = L, and all three phases of
PMSM are balanced the electromagnetic torque T, is giv-
en by:

3., 3
Te =5kth =5ktlpk (8)

where I, represents the peak current on the winding.
From equation (8) can be obtained k; as follows:

_2 L
‘31,

If in equation (9) the RMS (Root Mean Square) value
Liinerms 15 used instead of the peak value on a phase I, the
torque constant k; becomes:

&)

io= |2 e (10)

N3

line ,rms

Following [4] and the equations (1) to (10) the transfer
function block diagram of PMSM is presented in Fig. 1.
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Fig. 1. The block diagram of the PMSM motor.

III. ESTIMATION OF PMSM’S PARAMETERS — NUMERICAL
SIMULATION

The characteristic parameters of a PMSM specified in
the previous section (winding resistance R, winding in-
ductance L, back-EMF constant k., viscous damping B,
inertia of rotor J, and static friction Ty), are presented in
the datasheet of the PMSM. There are cases when these
parameters are not known or even if they are known, due
to the fact that they may vary with temperature, in indus-
trial applications there is the question of identifying these
parameters at the beginning of each drive cycle. Gener-
ally, in a drive cycle, these parameters can be considered
as approximately constant during a period of time in the
order of hours, and the identification procedure is in the
order of tens of seconds (at least for the identification of
the electrical parameters).

For a PMSM with the parameters provided in the data-
sheet and presented in Table 1, this section presents the
estimation of these parameters by numerical simulations,
and the results of the estimation of these parameters ob-
tained by means of the online estimation procedures will
be presented comparatively in the next section.

TABLE I. NOMINAL PARAMETERS OF PMSM MOTOR

Parameter Value Unit
Stator winding resistance Rs 0.405 Q
Stator winding inductance: Ls 0.63e-3 H
Combined inertia of rotor and load J 4.6¢e-6 kg'm2
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Parameter Value Unit
Combined viscous friction of rotor and 1.13e-6 N-mes/rad
load B
Static friction Tf Te-4 Nm
Induced ﬂu)f by the permanent magnets 0.175 Wb
of the rotor in the stator phases Aaf
Current at rated speed 5 A
Stall current (peak) 15.5
Torque at rated speed 0.185 Nm
Stall torque 0.4 Nm
back-EMF constant ke 0.0172 V/rad/s
Pole number P 8 -

Following [20], for the calculation of the winding resis-
tance Ry and the winding inductance L, the stator current
of the PMSM is simulated according to the mathematical
model in Section 2. For a PMSM with the nominal pa-
rameters given in Table 1, the current variation is shown
in Fig. 2. This is determined by applying a voltage step v,y
to two of the stator windings when the rotor is locked. The
steady-state of the current is given by the stator resistance.
The winding resistance R; is calculated as follows:

R\, — l Vabieml (11)
A 2 imolor _end

where Vay eng and imotor cnd T€Presents the final values in
the simulation vectors for v,, and iytor

The electrical time constant t. is obtained from Fig. 2
and represents the time when iy, reaches 0.63 of the
stationary value imetor cna- Based on these, the winding in-
ductance L, is obtained as follows:

L, =Rz, (12)

Fig. 2 shows the perfect overlap of the curve represent-
ing the measured current (by the mathematical model
simulation in section 2) and the estimated current given
by:

v
ie:timated = 1( e J(l - eXp ol ) (13)
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Fig. 2. Estimation of winding resistance R, and winding inductance L.

Following the simulations, the following estimated val-
ues were obtained: estimated R=0.41Q, t.=1.55ms, and
L=0.63mH.

For the determination of the back-EMF constant k., the
rotor is spin by a dynamometer with no electrical load.
The back-EMF constant k. can be determined from the
maximum amplitude of the induced voltage. The peak
line-line voltage expressed in volts can be obtained from
the induced voltage (see Fig. 3):

(14

The peak line-neutral (phase) voltage can be obtained
from equation (14):

Voedk 1L = max( abs (v, ))

v
eak _LL
v = _pear L

peak _ LN
V3

The back-EMF constant can be obtained for rotor angu-
lar velocity o,r expressed in rad/s:

(15)

v peak _ LN

@

k= (16)

e

ref

Based on these, the estimated k.=0.0172V/rad/s is ob-
tained.

m
Model EMF constant = 8,0172 Vipk)/frad/s)
15 Hdentified EMF constant = 8,0172 Vipk)/frad/s)

. e
/\ f/\\ .ff \ x/\ \
/o —\—f—A /o
.sl\ .."’If \X/ \ 'f \ / \
7 Y

\
‘\\/ \/j

U] 0.005 o 0015
Time [s]

Back-EMF [V]

Fig. 3. Estimation of back-EMF k..

To determine the mechanical parameters: combined
viscous friction of rotor and load B, static friction Ty, and
combined inertia of rotor and load J, the motor is rotated
without mechanical load. Fig. 4 shows four points distrib-
uted along the rotational speed and the calculation of the
torques necessary to maintain these constant speeds. At
low speeds, the required torque must overcome the static
friction Ty, while at high speeds the torque must be greater
than the combined viscous friction of rotor and load B. A
straight line is drawn, which must run as precisely as pos-
sible through the four chosen points. The value of the
torque expressed by this straight line at ® = 0 represents
the static friction Tr. The slope of this line gives the com-
bined viscous friction of rotor and load B. The results of
the simulations are: estimated combined viscous friction
of rotor and load B=1.1839¢-06N-m's/rad and static fric-
tion T=7.6476e-04Nm.

¥ Measured
— Experimental daia

| et
in

Torgue [mMNm|
ok

[}
(] 500 100 1500 000 1500 3000 3500 400
Speed [rpm|

Fig. 4. Estimation of combined viscous friction of rotor and load B
and static friction Ty.
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For the determination of the combined inertia of rotor
and load J, the reference of the electromagnetic torque is
set to zero or the motor supply is interrupted. Fig. 5 shows
the evolution of such a deceleration (speed run-down test).
The gradient provides the deceleration, from which, to-
gether with the friction and damping torques, determines
the combined inertia of rotor and load J according to equa-
tion (4). As a result of the simulations, the estimated com-
bined inertia of rotor and load J=5.0470e-06kg'm” is ob-
tained.
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Fig. 5. Estimation of combined inertia of rotor and load J.

IV. NUMERICAL SIMULATION OF POWER FACTOR
CORRECTION

A typical PMSM system operating from a single phase
supply with a specialized module for PFC consists of three
major stages: rectifying the input AC voltage, boosting the
PFC stage, and the PMSM inverter stage. The block dia-
gram of the system is presented in Fig. 6.

POWER FACTOR THREE PHASE

AC
AC RECTIFIER €0 CTION INVERTER
2V RRECTH PAISM

I D

Fig. 6. The scheme for supply of PMSM, from single phase voltage.

The voltage constraint is given by:

ui () +ul(t) <V (17)

Viax = I:;)?)E (18)

where VDC represents the voltage of intermediate di-
rect current circuit.

The RMS input voltage is given by the following equa-

tion:
Vs = /1ljru2(t)dt =% /WZN;UZ(n) (19)

where T is the period of the rectified input voltage (see
Fig. 7), Ts is sampling period, and N = T/Ts.
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Fig. 7. The scheme for RMS input voltage calculation.

The block diagram of the PFC mode is shown in Fig.
8. The PFC is achieved by means of two cascade control
loops. The outer voltage control loop maintains the volt-
age value in the DC intermediate circuit via a PI control-
ler. The output of this controller, multiplied by the in-
verse squared Vs and by V¢ forms the reference for the
internal current control loop. The output of the current
regulator triggers the PWM generator which generates the
control for the MOSFET. The effect of the inclusion of
the Vac signal in the creation of the current reference
consists in obtaining a form of current which copies the
voltage form (with a certain scaling factor), thus the volt-
age and current signals go through zero at the same mo-
ments, providing an almost null phase shift and an almost
uniform PF [16, 17].

Pl
VOLTAGE
CONTROLLER
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CURRENT
CONTROLLER

WM

MOSFET
GENERATOR 0SFET

Vo - Output Voltage Lcrsared - Measured Current

Fig. 8. Voltage and current controller block diagram.

The implementation in Matlab/Simulink of the PFC is
presented in Fig. 9 and Fig. 10. The main parameters used
in numerical simulation are: input voltage peak to the full
bridge rectifier - Line_Voltage Peak=230-sqrt(2)V; power
line frequency - f line=50Hz; desired output voltage from
PFC Preconverter - V= 400V; maximum steady state
power capability - Power=100W; arbitrary resistive load -
R=100Q; arbitrary inductive Lm=0.001H; peak-peak out-
put voltage ripple - del V=10V, inductor current ripple -
IndCurrRipple =8%; nominal efficiency of the precon-
verter - Conv_efficiency=92%; MOSFET switching fre-
quency - f sw= 50kHz; sampling time for the plant -
T=1/(100-f sw)sec; sampling time for the controller -
Ts=1/(50-f sw)sec; proportional gain of the inner current
loop controller K;=0.093; integral gain of the of the inner
current loop controller - K;=1318; proportional gain of the
outer voltage loop controller - K,=0.115; integral gain of
the of the outer voltage loop controller - K;=21.75.
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Fig. 9. PFC — Simulink implementation.
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Fig. 10. Voltage and current controller for PFC — Simulink implementa-
tion.
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For a load consisting of an RLC series circuit where
R=100Q, L=ImH, and C=100pF, the results of the nu-
merical simulations are presented in Fig. 11 and Fig. 12.
Fig. 12 shows the evolution of the current and voltage at
the input of the PFC circuit, the voltage in the DC inter-
mediate circuit and the evolution of the regulated current.
The PFC circuit comes into operation after 10ms, thus, in
Fig. 12 the PF is presented in the case of the presence of
the PFC circuit, compared to the absence of the PFC cir-
cuit. It is noted that in the case of the presence of the PFC
circuit, PF is about 1.

N
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it Corront 4]
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Fig. 11. Voltage and current waveforms — numerical simulation.
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Fig. 12. PF comparison with and without correction circuit — numerical
simulation.

V. SENSORLESS CONTROL OF PMSM

Fig. 13 presents a block diagram for the sensorless con-
trol of the PMSM based on the FOC strategy and power
factor correction.
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Fig. 13. Sensorless control of PMSM based on FOC strategy and PFC

The FOC control strategy consists in a cascade control
system where the role of the outer loop is to adjust the
speed. The references for the internal current control loop
are prescribed by the speed controller for I, and 14 is set to
zero for torque maximization [4]. The PFC was presented
in previous section. The rotor position and speed estima-
tion are achieved by means of observers. Three observers
are presented next: the back-EMF sliding mode observer,
the MRAS observer, and the PLL observer.

A. Back-EMF sliding mode observer

Based on the PMSM model, the current equations in o-
B frame can be obtained by using inverse Park transforma-
tion, as follows:

di, R. 1 1
=—-——i, ——e, +—u,

dll——ﬁi —le + 1 u

dt L? L7 L7

The back-EMF voltages are obtained in the following
form:

e, = dl/;% =-A,0, sin (96)
d
e, = % =—A,m,cos(6,)

e2))

First it is necessary to estimate the back-EMF e, and e
for estimate the rotor speed. For this purpose, a sliding
mode observer [22, 23] will be used, which is given by:

_R +—u —l—lsign(f —i)
dt LY L% L “ o

R

L

(22)

N 1 ll . N .
iy +Zuﬂ —Zszgn(zﬂ —iy)

A sliding mode is enforced after a limited time if 11 >

max (lea |, |ef|). By using the equations (12), errors are
defined as j, = fa —i, and 4= i 5 —ig and the following
relations are obtained:

d; R s 1 l] . s
< =——l,— 7€, _7Slgn(la)
dt L L L (23)
di, R- 1 l .
B - Lo 7
—t=——i,——e, ——Lsign(i
dt AR (i)
When sliding mode occurs, the error is null thus ;=0
and Zﬂ =0 and also: di, =0 and dli;().
dt dt

The desired back-EMF quantities ¢, and e are obtained
by using the equivalent values of the switching quantities:

(llsign (i_a ))eq =e,
(llsign (i_ﬂ))eq =e,

The block diagram of the back-EMF sliding mode ob-
server described is implemented in Simulink and is pre-
sented in Fig. 14.

24
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Fig. 14. Back-EMF and rotor speed sliding mode observer - Simulink
implementation.

B. MRAS observer

Fig. 15 presents the block diagram of the MRAS. In the
case where even the PMSM is the reference model, Iy and
I, currents can be acquired directly. For an adaptive model
of PMSM described by an equation of the type (3), the
Matlab/Simulink implementation is presented in Fig. 16.
In this model, the values of the I4 and I, currents are up-
dating according to o, the intermediate signal & is formed:

E() =iy, —ii, —%(iq -i,) (25)

To assure the convergence of the observer in the adap-
tation mechanism (see Fig. 17) a PI controller is inserted.
Based on these, the rotor speed is estimated by:

a(t) =k, &)+ jkif(r)dz- (26)

where k, and k;, are the adjustment parameters of the PI
controller. The stability of the observer is proved using the
Popov hyperstability theory according to [24].
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u | MODEL 21
q
igq = fi(u
aa = fu(w) § = fi(eq, )
AA
o i(ls iq

Y
f w ADAPTATION

MECHANISM

Fig. 15. Speed estimation scheme for MRAS.
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Fig. 17. Block diagram of the adaptation mechanism for MRAS — Sim-
ulink implementation.

C. PLL observer
For the PMSM supply system of the form:

U, =ucos m,t
u, =ucos(w,t—2x/3) @7

u, =ucos(w,t+2x/3)

c

the transformation matrix of three-phase voltage into d-
q coordinate system is:

cosf, cos(6, - 2—”) cos( 6, + 2fﬁ) (28)
T(é@) =3 n N %7[ ~ :2;7[
sin@, —sin(6, - T) —sin( 6, + T)

where ég is the estimated phase angle of the output
which is used by PLL observer, and 6, = @t .

The equation of the three phase stator winding of
PMSM in the d-q coordinate system is:

Uy || usin( ée -0,) (29)
u, ucos(ée -4,)
Let §, =6, -0, the estimated error of the PLL. By

imposing ug.r =0, the block diagram of the PLL observer
is shown in Fig. 18 and the implementation in Simulink is
shown in Fig. 19.

The convergence of the observer is achieved by using a
PI controller, which allows the PLL estimation value to
track the actual position of the rotor, and the error g, is

zero [13].



Annals of the University of Craiova, Electrical Engineering series, No. 43, Issue 1, 2019; ISSN 1842-4805

Fig. 18. Block diagram of rotor speed and position based on PI control-

ler.
(2 e w_filtered w}‘ e
w_estimated_PLL » 1)

1 theta

D.I‘Wq

)
Fig. 19. PLL observer — Simulink implementation.

Further is presented the numerical simulations for sen-
sorless control of an PMSM with the next nominal pa-
rameters: stator resistance R=2.875Q; q and d inductance:
L=Ls=0.0085H; combined inertia of rotor and load
J=0.8¢-3 kg'm’; combined viscous friction of rotor and
load B=0.005N'm-s/rad; induced flux by the permanent
magnets of the rotor in the stator phases A,~=0.175Wb; and
pole pairs number P=4. The observers used for speed es-
timation were presented above. The adjustment parame-
ters of the PI type speed controller of the FOC strategy are
K,=1 and K;=50. The adjustment parameters of the PI
controllers for the MRAS and PLL observers in the nu-
merical simulations presented are: K, mras=80 and
KiiMRAszls; KprLL:3 and KLPLLZSOO.

The transfer function of the each PI controller is given
by:

H,(s)=K,+K, 1 (30)
N

MEAS Olroersor

Fig. 20. Sensorless control of PMSM based on FOC strategy and com-
parison between back-EMF, MRAS, and PLL observers — Simulink
implementation.

Due to the fact that starting of a PMSM motor in the
sensorless type is a special one (it starts from a position
stored from the previous start, or the control is achieved in
open loop after a predefined sequence), in the achieved
simulation, for the first 100ms, the output of the observers
is bypassed.

The block diagram of the implementation in Mat-
lab/Simulink for sensorless control of the PMSM based on
the FOC strategy is presented in Fig. 20.

The time evolution of the comparison between the ref-
erence speed, the PLL speed estimation and the MRAS
speed estimation is shown in Fig. 21. It is noted that the
responses of MRAS and PLL type observers are slightly
oscillating and characterized by overshooting.

Fig. 21. Time evolution of the reference speed, PLL speed estimation,
and MRAS speed estimation.

The time evolution of the quantities provided by the
back-EMF sliding mode observer described is presented in
Fig. 22. After applying a 300rpm step signal, the sliding
mode observer accurately estimates the speed and position
of the rotor. Also Fig. 22 presents the estimated back-
EMF e,, eg, and I4 and I, currents. The global PMSM con-
trol strategy used in this case is of FOC type, and in Fig.
22 this is reflected by the fact that the I current reference
is set to 0, the Iy current having an oscillating evolution
around this value. For the next speed reference sequence:
[0 0.45]s—[300 600]rpm, the acceleration for speed ramps
by 600rpm/s and 0.1Nm load torque reference, the results
of the time evolution simulation of the sensorless control
of PMSM with back-EMF sliding mode observer are pre-
sented in Fig. 23. The elements shown are: speed refer-
ence, rotor speed, load and electromagnetic torque, stator
currents I ,p . and stator voltage V qq4. It is noticed that
the system behaves with good results without overshoot-
ing, with response and very small rising time.

1i=

1=}
1

Fig. 22. Time evolution simulation of back-EMF, rotor position and
rotor speed estimation based on back-EMF sliding mode observer.
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Fig. 23. Time evolution simulation of sensorless control of PMSM
based on FOC strategy and back-EMF sliding mode observer.

Very good speed estimation is noticed as compared to
MRAS and PLL observers, but at the same time it is noted
that the structure of the back-EMF sliding mode observer
is much more complex than the structure of the other two
observers. This will result in choosing a medium/high
performance DSP for implementation in an embedded
system of the back-EMF observer. For the implementation
of the PMSM and PFC sensorless control in the same em-
bedded system, in future approaches it is suggested to use
the CLA (Control Law Acceleration) type of DSPs with
an additional control and execution unit, while the FOC
sensorless control strategy will be implemented in the
main DSP, and the PFC controller will be implemented in
the CLA.

VI. SENSORLESS CONTROL OF PMSM HARDWARE AND
SOFTWARE IMPLEMENTATTION

For the implementation in an embedded system of the
sensorless control system using the FOC strategy, the
DRVS8312-EVM development hardware platform was
selected. This is intended for the control of the
PMSM/BLDC motors.

The main features of this development hardware plat-
form are: max input voltage - 52.5V DC; max continuous
output current per phase - 3.5A and a current peak - 6.5A;
driver switching frequency - up to 500kHz; power supply
including on-board regulation for powering additionally
circuits - 24V; isolated CAN and SPI communication;
closed-loop digital control with feedback using the
C2000’s family microcontrollers, on-chip PWM and ADC
peripherals; on-board isolated JTAG emulation through
the SCI peripheral; quadrature encoder interface; Hall
sensor interface; high performance ADC; high precision
voltage reference chip; three PWM DAC’s generated by
low pass filtering; and over current protection on the in-
verter stage [25-28].

The microcontroller F28069 Piccolo runs software pro-
grams from the C28x family, which is a member of the
TMS320C2000 MCU platform. The F28069 Piccolo mi-
crocontroller provides high performance by including the
CLA (Control Law Accelerator) device, connected with
the control modules to the peripheral devices. The main
features of this microcontroller are: frequency - 90 MHz
(11.11-ns Cycle Time); MAC operation - multiply and
accumulate 16x16 and 32x32 respectively; Harvard Bus
Architecture; Fast Interrupt Response; Unified Memory
Programming Model; Code-Efficient (in C/C++ and As-
sembly); Programmable Control Law Accelerator (CLA)
which executes Code Independently of the Main CPU and
32-Bit Floating-Point Math Accelerator; up to 256KB of

flash memory and up to 100KB RAM memory; 6-Channel
Direct Memory Access (DMA); up to 8 Enhanced Pulse-
Width Modulator (ePWM) and 16 PWM Channels Total
(8 HRPWM-Capable); independent 16-Bit Timer in each
module; 12-Bit Analog-to-Digital Converter (ADC); two
Serial Peripheral Interface (SPI) Modules; and one Inter-
Integrated-Circuit (12C) Bus [28].

The development of the PMSM control application is
carried out in Simulink, by using C28x peripheral blocks
and blocks of the C28x DMC library (Motor Digital Con-
trol) in the Embedded Coder Support package for Texas
Instruments C2000 processors. The generation of the ex-
ecutable code is carried out through the RTW Simulink,
which will transfer the object code to the Code Composer
environment. This way, all the features of this integrated
development environment can be used, such as the down-
load of the program into the F28069 Piccolo microcontrol-
ler, the control of execution and the debug function [28].

Fig. 24 presents the implementation in Simulink of
closed-loop FOC algorithm.

The implementation of the FOC control algorithm in
this example uses asynchronous programming. The pulse
width modulation block (PWM) triggers ADC conversion,
and at the end of the conversion, the ADC provides an
interrupt triggering the main FOC algorithm.

The C28x hardware interrupt block deals with the issue
of external interrupts, allowing for asynchronous process-
ing, and triggers the execution of capture modules eCAP1,
eCAP2, eCAP3 and CLATaskl. The capture modules are
achieved based on Function-Call subsystems which run
when an event occurs. The eCAP blocks are used in this
application for each capture pin from Hall A, B, and C
sensors. In APWM mode, pins are used to generate PWM
commands. The data storage block defines and initializes
a shared data location, which is a memory region which
can be used for reading or writing [27].

The Clarke-Park and SVPWM transformation blocks
are shown in Fig 25. Also, in the case of the sensorless
control, Fig. 25 presents a speed sliding mode observer.
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Speed
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Fig. 24. Implementation in Simulink of closed-loop FOC algorithm.
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Fig. 25. Implementation in Simulink of Clarke-Park transformation,
current controllers, SVPWM and speed sliding mode observer.
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As described in Section 3, it is first necessary to iden-
tify the PMSM parameters before running the previously
presented control program. For this operation the In-
staSPIN-FOC graphical user interface will be used.

By sequentially following the steps for the determina-
tion of the PMSM parameters in Section 3 (where the mo-
tor was simulated by the operating equations), however in
the case of a PMSM DT4260 type motor with the nominal
parameters mentioned in Table 1. It can be seen that the
results obtained in Fig. 26 and Fig. 27 regarding the online
estimation of PMSM parameters are in agreement with the
results obtained offline by numerical simulations in Sec-
tion 3.

InstaSPIN- FOC

- o ACIM
MR Yy # PMSM/BLOC)

Identification of Motor P 1
Tuning of Current Loop Controliers

[ssematcaion s Fmms ] |

Identification Settings

| FAST

Rasat DRY Faukt

Identify Motor

Status

i Vous (v O
Identified Motor Parameters o

Rs (02} O = <
Ls_d (H) 1 Proceed
Ls_g (H) = 0o
Flux (V/Hz) 2 3 motor |1|-..|a|l-e~1. ¥ ]
Magn Current (A)scm oo
Br (2) At ooy Reset System

Fig. 26. Online identification of PMSM electrical parameters.
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Fig. 27. Online identification of PMSM mechanical parameters.

It is noted that the parameters mentioned in Table 1,
calculated by numerical simulation match the parameters
identified online. For example, nominal Ry is 0.405Q, R,
obtained from numerical simulation is 0.41Q, and 0.42Q
was obtained by online identification.

Fig. 28 shows the evolution of the PMSM speed after
the application of a speed reference of 5000rpm
(1200rpm/s acceleration), of the currents I4 and I and the
load torque. A detail of the speed evolution is shown in
Fig. 29.
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Fig. 28. Real time evolution of rotor speed, I44 currents, and electro-
magnetic torque of PMSM.

The images of the experimental test for the sensorless
control of the PMSM with DRV8312-EVM development
hardware platform are presented in Fig. 30 and Fig. 31.

Specd-EST (KRPM)

Fig. 29. Real time evolution of rotor speed of PMSM - detail.

Fig. 30. Image of the experimental test.
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Fig. 31. PWM channel A - waveform on the scope.

VII. CONCLUSIONS

This article presents an identification procedure of the
parameters and a sensorless control of a PMSM based on
the FOC strategy and PFC. The proposed procedure for
identifying the electrical and mechanical parameters of the
PMSM is required in industrial applications at the begin-
ning of a drive cycle due to variations of these parameters
with the temperature, or in the event that the motor's pa-
rameters are unknown. The parameter identification pro-
cedure is implemented in the Matlab/Simulink environ-
ment. This procedure was also implemented in an embed-
ded system and the results of the offline and online identi-
fication methods of the nominal parameters of the PMSM
are presented comparatively to the parameters in the data-
sheet.

It presents the block structure of the PFC together with
the numerical simulations achieved in Matlab/Simulink,
on the improvement of the PF of the supply circuit. It also
presents the block structures of the FOC strategy and of
the back-EMF sliding mode, MRAS, and PLL type ob-
servers. The numerical simulations show the superiority of
rotor speed estimation when using the back-EMF sliding
mode observer compared to the rotor speed estimate pro-
vided by MRAS and PLL observers. This can also be ex-
plained by the less complex structure of MRAS and PLL
observers compared to the structure of the back-EMF slid-
ing mode observer.
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The hardware and software implementation for a sen-
sorless control PMSM using the FOC strategy and the
speed back-EMF sliding mode observer is also presented.
Results are presented for the PMSM control in real time
using an embedded system. Although the selected embed-
ded system is of low/medium cost type, it allows for a
relatively large number of arithmetic operations to be im-
plemented in real time due to both the FOC control strat-
egy and especially the speed back-EMF observer. Future
works will approach the implementation of Kalman type
observers (requiring very complex real-time operations) to
test the capabilities of a low/medium cost embedded sys-
tem in terms of the PMSM control and the implementation
in an embedded system of a PFC and sensorless control of
a PMSM based on the FOC strategy, by using the DSPs
with an additional control and execution unit - CLA.
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