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1 Introduction

Over the last two decades, the Interior Permanent Mag-
net Synchronous Motor (IPMSM) has been getting to
be a great choice for industrial drive applications due
to a few of its invaluable such as high power factor and
power density, high torque to current proportion, high-
energy effectiveness, large power to weight ratio and
wide speed range of operating [1-4].

Commonly used Direct Torque and flux Control
(DTC) of IPMSM based on utilizing the bang-bang
or hysteresis controllers have been examined since the
1990s, in which the exact information of the stator re-
sistance especially within the rotor low-speed operation
is required [5]. In spite of the fact that such strategy
is straightforward, it has a few shortcomings includ-
ing acoustic noise, high torque and flux fluctuations,
and dependency of switching frequency to the speed,
the load torque and the chosen hysteresis bands. In
[6-8] a direct flux vector control strategy utilizing one
proportional-integral (PI) controller and space vector
modulation (SVM) with constant switching frequency
and minor torque ripple has been presented.

Xu et al. [9] proposed a direct torque control scheme
using the variable structure approach. This scheme re-
duces the flux and torque ripples noticeably but is very
complicate and parameter dependent.

A DTC method has been described in [10] that
is based on adaptive state feedback linearization, the
compact parameters estimated by Lyapunov theory
which have no relation to those of need to use in the
control input function obtained by the same theory.
This means that according to [10], in order to deter-
mine the reference motor drive voltage, the correspond-
ing rated values of parameters of Lq, L, and R, has
been considered. As a result, the overall stability of the
drive system can never be guaranteed with subject to
motor parameters uncertainties and load disturbances.

The Maximum Torque-Per-Ampere (MTPA) tech-
nique for IPMSM drives is a parameter subordinate
strategy [11,12]. The saturation influences the d-q axis
inductances, so that online or offline parameter recog-
nizing is essential to perform the MPTA. In off-line pa-
rameter distinguishing, IPMSM electrical parameters
are determined in accordance to a specific load point
by experiments and embedded into the reference ta-
bles or numerically inexact by specific curves. Online
parameter evaluation strategies as the Recursive Least
Squares (RLS), and Expanded Kalman Filter (EKF),
techniques are mathematically severe as they include
matrix operations [13-17].

For sensorless IPMSM speed drive, in [18] a slid-
ing mode standard observer for a MTPA based con-

trol strategy is described to detect the position of the
rotor. Accordingly, the required d-g axis stator cur-
rent for MTPA is obtained by the means of a special
method, in which a PI rotor speed controller is utilized
to determine the corresponding motor reference current
amplitude for MTPA strategy which is seriously dubi-
ous. In fact, MTPA control method of any ac drive
system means that for a desire motor electromagnetic
torque upon a desire rotor speed, the ratio of torque per
ampere should be minimum. Unfortunately this im-
portant point has been confused in [18], since in that
study to get MTPA point, it has been tried to make
the electromagnetic torque maximum and simultane-
ously the motor current minimum. In [18], Fast Fourier
Transform (FFT) method is used to detect the on-line
sampled dc components of the motor d and q axis cur-
rents. Such methods generate some delays and phase
shifts which make the motor dynamic system slow. In
addition, it can cause the motor closed loop system
control becomes unstable.

In [19], according to MTPA control strategy, the
motor’s d-q current references would be accessible by
Fuzzy-Logic Controller (FLC). The motor torque refer-
ence can be calculated by means of the nominal values
of the inductance, it is essential for efficiency enhance-
ment. The presented strategy in [19] would result in
some short comes as:

e The FLC controller permits the machine direct
axis currents to be positive which is not suitable
in IPMSM drive.

e The control strategy is not stable and robust with
subject to machine parameters uncertainties and
disturbances. It is reminding that in [19] the ma-
chine nominal parameters have been used.

e For each chosen machine, at the first stage some
tests are required to be performed in order to ob-
tain the motor equivalent iron loss resistance (Rc)
curves versus motor speed variation. This proce-
dure makes the proposed method time consuming
and troublesome.

Current minimizing torque control of IPMSM utiliz-
ing Ferrari’s strategy is explained in [20]. This strategy
gives the solution to a quartic equation for the torque
control. The major shortcoming of the explained strat-
egy is that, due to impacts of the magnetic saturation
on the machine d-q axis variables, the look-up tables
and curves have to be off-line rehashed. Moreover, the
calculations utilized within the proposed strategy are
truly complicate and time expending.

Sensorless control methodology of IPMSM drives
may be classified into two classes:

e Spatial saliency image tracking strategies utiliz-

ing the injection of high-frequency (HF) signals
plus the fundamental [21,22],
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e Strategies utilizing electromotive force (EMF)
evaluation with fundamental excitation [23].

The strategies of injecting signal are on the ba-
sis of identifying the saliency or the magnetic satura-
tion which resulted in structural anisotropy and the ro-
tor speed and the corresponding EMF of the IPMSM.
Whereas, each method has its benefits and confine-
ments. The impacting components incorporate the
constrained precision of estimations, parameter vari-
ation of the motor, and presence of the inverter non-
linearities or create more acoustic noise and losses.

Among the efficient nonlinear control methods, it
can be referred to our previous research described in
[24-26]. Tt is worthwhile mentioning that the present
research is a continuation of our previous research that
has been presented in [26].

In this study, an Adaptive Input-Output state
Feedback-Linearization (AIOFL) control methodology
is designed for DTC of IPMSM drives. Speed of the ro-
tor is detected online by a very simple observer which
operates in parallel with drive system controller. In ac-
cordance to the Lyapunov theory, the overall stability
of the proposed scheme is proved. Using a so-called
simple method based on on-line searching the mag-
nitude of the squared of the stator flux, the control
strategy of MTPA corresponding to IPMSM drive is
implemented. The explained strategy of this study is
validated by sufficient computer simulations and prac-
tical tests.

2 Modeling an IPMSM

Alluding to [27], the d-¢ axis equations related to the
IPMSM can be written as:

dAgs

Vgs = RS Z.qs + dz + wre)\ds ’ (1)
dAgs

Vgs = Rg1qs + d: - Wre)\qs > (2)

with

>\ds = Ld igs + )\m )
{ 3)

Ags = Lgigs,

where the d-q axis stator fluxes linkage, voltage, cur-
rents and inductances are Ags, Ags, Vds; Vgs, dss tqs, Lds
and Ly, respectively. R,, Ay, and wy. are the stator
resistance, PM flux linkage and the electrical angular
speed of the rotor.

Also, the electromagnetic generated torque of the
mentioned drive is given by [28]:

3P .
T, = 7(Adslqs -

9 /\qsids) ) (4)

where the number of rotor pole pairs is displayed by P.
Additionally, in terms of mechanical equation, one can
get:

dw,
dt
where the moment inertia of the rotor is .J,.. Consider-
ing B, as the friction coefficient, w, as rotor mechani-
cal angular speed and torque constant K;, T} = Kjw,
which T; denotes the motor load torque.

Jr = P(T. - T;) — Byw,, (5)

3 Input-output feedback Lin-
earization

An Input-Output Feedback Linearization (IOFL)
method, which is a nonlinear control technique adopted
for nonlinear plants, is utilized in this study in order
to directly control torque and stator flux of an IPMSM
drive system as the objective function. Based on Equa-
tions (1) to (5):

X = (X) +9(X)U, (6)
with
X = [1‘1 1) xS]T = [Aqé Ads wTe]T P (7)
f1 1 0 .
fX)=1fa|, 9(X)=[01 g2]=|0 1|, U= qu}
f3 0 0 @
Ags
fi=—-R, I? — WreAds (8)
q
Ads — A\m
f2 =—R; Sds — 2m + Wre>\q87 (9)
Lq
(3P yLs—L, Ads T P
Jo= [2JT{ LaL, Ags Ads 7 A} JV(z)
B,
— e 10
The output parameters can be introduced as:
y1=A2 =3, + A2, (11)
3P A Ads — A
=T == s oy Zas Tm 12
Y2=le = [A‘“ L, T I } (12)

Using Lie derivative theory [28], one can get:

vi| _ |Lsn Loiyir Lgoyi| | 13
[ZJJ |:Lfy2:|+|:Lgly2 Lyoya| |u2 (13)

with
Lyyy = L1y x + L1o € (14)
I, Li’
Lyys = Loy * + La2 x (15)
I, Ia’

=L a0
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where Li1, Li2, Lo1, L2z, Lgyi, Lgiye, Lg2yr and
Loy has been introduced in the Appendix A.

Assuming the drive system, dynamic errors are de-
fined by:

er = Al = A}
{62 =T, -TF (17)

where the reference value is denoted by “x”. By Com-
bining Equations (17) and (13), the dynamic error can
be rewritten as:

é1| _ [Lu Laz| |61
€2 Ly Lag| |02

Lyayr  Lgayi| |wa o (A:Z ,
+ {L91y2 Lyaya| |u2 (Tg‘2)/ ’ (18)
T
T 1 1
0=10, 0 =|— — .
[ ! 2] [Lq Ld:|

Considering vector 6 to be a known consistent vector,
utilizing IOFL technique [29], the corresponding efforts
of the system can be given as

{m} _ [Lg1y1 Lngl} - [yf — Ly — alel] (19)
U Lgiyz  Lgoyo Y3 — Lyys — azea| *

Substituting Equation (19) in Equation (18), gives:

dey aLe
Y, — e,
des = —age
dt - 262,

where optional positive constants (aq, as) drive Equa-
tion (20) exponentially meet to zero.

4 AIOFL

Since the machine parameters are uncertain, it is re-
quired to on-line estimate of vector 6 given in Equa-
tion (18). Moreover, a precise evaluation of the stator
resistance is additionally essential to measure the stator
flux components within the (DS-QS) stationary refer-
ence frame. For this point, an observer is utilized and
described in the section 5. Supplanting the evaluated
vector § in Equation (18), comes about in

ér| _ |Lu L2 ‘21

€2 Loy Loa| |6
+ Lglyl Lg2y1 uy o ()‘:2)/

Lgiys  Lgoyo| |us2

Y 21
@y *Y

Consequently Equations (18), (20) and (21) will be:

ée=—ae+g(X)0-10), (22)
ro~ N T
0=~ ;] , (23)
L~ d
e = [61 62} , o0 = |:Cé1 0(32:| ,aq,00 >0 (24)
_911(93) 912($)
X) = , 25
9= ga1(2) goala) (25)
where
g (z) = =202 R, (26)
ng(I) = 72)‘331%8 + 2>\d3Rs>\m , (27)
3P A
o 2) = 22 [ Mo R+ e (3, V)

+ AdsVgs ] » (28)
g22() = % [ — WreAdsAm + Ags Reias
+wre(\e =A%) = Agstas] - (29)
Equation (22) can be written as:
i=Az+ W70, (30)
v=[er e, 0=1[6 6",
Sl K R e e
The Lyapunov function is considered as below:

1 1= -
V:§xTx+§9TF_19, (31)
I'= diag[717,72]T B

where the positive gains of adaption are v; and 7.
According to the derived V' with regard to time
(sec) comes about in [24]:

voLire gy Lra Lt pg g (32)

Substituting & from Equation (30) into Equation (32)
yields [12]:

V =aTAz + 6T Wa + 7014, (33)
Assuming the following adaption law:
TWa + 0709 =0, 6=-TWe, (34)
then, Equation (32) is reduced to:

V=xTAx. (35)
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Because A < 0, hence from Equation (35),
V <0. (36)

1/Lq and 1/L, are assumed to be unknown constant
parameters, hence,

Gy = —0, . (37)

As a result, from Equation (34), the adaption laws are
obtained as:

[Zj _ [—71 0 } [911(93) g12()

0 =92 [g21(x) ga2(x)

5 Stator resistance estimation

Figure 1 demonstrates the field oriented reference
frame (z,y) of the IPMSM stator flux control.

* t T +

fb,:j 1 I;

'“QS'

qr

Fig. 1. IPMSM reference frames.

In this reference frame, the machine electromag-
netic generated torque is obtained as:

3P .
Te = ?)\SI lsy (39)
Referring to Figure 2, the output of rotor speed PI
controller is T7.

Adaptive
Input- Output
Feedback _ SVM
Linearization "| INVERTER
&

DQ<=abc fl——O

Y

TP MSM

Fig. 2. Drive system control block diagram for an IPMSM.

As aresult, using Equation (39), assuming Ag, = A%,
the y-axis stator reference current can be obtained as:
T*
i, = 7 (40)
Yo 3P

An additional PI controller is used to estimate the sta-
tor resistance as shown in Figure 2.

6 Voltage sensors dismissal

An effective way to exclude the dc offset caused by
voltage sensors is the estimation of the phase voltages
based on the state of switching inverter (S,, Sy, S.) and
de-link voltage [30]. While, practically, our switching
patterns are applied to the PWM inverter by means
of the Complex Programmable Logic Device (CPLD)

with 1 us resolution. To address this issue, the average
phase voltages in each sampling interval (5kHz) are
calculated utilizing the segment number of reference
voltage space vector and timing task of SVM-PWM in-
verter which is accessible by the PC. The status of up-
per switch of each leg is reported in Table 1, considering
the inverter reference voltage vector which is found in
accordance to the number of sector. S,, Sy, and S,
advert to upper switch status of a, b and ¢ phases, re-
spectively. Referring to Table 1, the inverter’s average
phase voltages within a sampling of T, is gotten as

VaN _ Vbe (31
UbN = Tseci ¢ )
UcN y 2

i=11,...,6],

(41)

Ty =ty +1t1 +ta,
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Table 1. Status of inverter leg upper switch according to sector number.

Sector No. 1 2 3 4 5 6
t1 | to | t1 | t2 | 1 to | t1 | ta | t1 | L2 | t1 | t2
Sa 1 1 1 oOo(0|]O0O]O0|O0O]O 1 1 1
Sy 0 1 1 1 1 1 1 O(l0|0]|O0]|O
Se oO(O0|O0O]O0|O0O]O 1 1 1 1 1 0

where DC link voltage is Vpc with negative polarity as
N. t; and t, are the timing task and Se is i*" sector
matrix which is gotten from Table 1.

Obviously, the components of space voltage in two-

axis stationary reference frame can be gotten as [31]:

2

Ups = g('UGN — 0.5’[)[;]\] - 0~5UCN) ) (42)
1

vQs = \/§(UbN ~ UeN).- (43)

Due to ineffectiveness of the ¢ty on the space vector of
stator voltage (vps,vgs), the Table 1 is not contained
with the status reports of the upper switch of each in-
verter leg.

7 IPMSM rotor-speed estima-
tion

A simple method is used for on-line detecting of the
rotor speed which is described as follows.

The IPMSM electromagnetic or airgap real power
is described by [24]:

35 o 9
§R8(7’DS +igs), (44)
where the d-q axis stator currents in the stationary ref-
erence frame are ips and igg, respectively.

The electromagnetic torque (Te,,) is estimated as

3P . .
— (Apsigs = Agsips),
where Apg and A\gg are D-Q axis stator fluxes linkage

with respect to stationary reference frame.

3 . .
P, = §(UDS ips +vQsiQs) —

T = (45)

Aps = /(UDS — Ryips)dt
(46)

Ags = /(vQS — RS iQs) dt

From Equations (44) and (45), having estimated the
real values of the motor electromagnetic torque (Te.,),
and the motor airgap power (P,), the rotor speed is
obtained by

(47)

The estimated speed by Equation (47) has some har-
monics due to using the rotor airgap power and elec-
tromagnetic torque. To eliminate these harmonics a
simple low pass filter is employed as:
We Wy
P+ we
where p denotes d/dt, w. = 2nf. and f. = 10Hz is
cutoff frequency of the mentioned filter.

(48)

Gmp =

8 IPMSM MTPA control strat-
egy

As illustrated in Figure 2, in order to online detec-
tion of the electromagnetic reference torque of the mo-
tor (T2), a conventionally known PI controller is used.
For a desire rotor speed (w?,) and a given rotor shaft
torque, the squared of the stator flux reference (A*?)
is decreased in steps until the amplitude of the stator
current determined by I, = (i},g + igg)"® reaches to
its minimum value. It should be noted that small steps
have to be chosen for decreasing the stator flux such
that at the end of each step, the steady-state condi-
tion is to be reached. Having done that, the amplitude
of stator current corresponding to each step is saved.
This procedure is repeated until the minimum value of
the stator current is to be obtained.

9 Simulation and experimental
results

9.1 Simulation results

Referring to the described IOFL in former sections,
Figure 2 displays the general view of the DTC and
stator flux control of an IPMSM drive system. A C++
script has been modified for simulation of the system
outlined in Figure 2. For the proposed IPMSM in Ta-
ble 2, some simulation results are depicted in Figures
3 to 7. According to the described practical test in
subsequent section, the two axis reactances of this mo-
tor have been determined. The corresponding control
gains of the drive system is obtained by trial and error:
Kp, K1, 1 and a3 = ag equal to 0.05, 0.15, 0.4, 0.8
and 250 respectively.
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Table 2. Parameters of the IPMSM.

Num. rotor pole pairs P 2
Resistance of stator R 21.1Q

PM flux linkage Am 0.493 Wb
Rated d-axis inductance Lq 0.3 H
Rated g-axis inductance Ly 0.8 H
Phase voltage Vs 155V
Peak/RMS phase current I 1.1 A
Frequency f 50 Hz
Rated torque Tn 2.2 Nm
Rated power P, 370 W
Equivalent rotor inertia Jr 0.00045 kg - m?
Viscous friction coefficient B, 0.00174N-m -s/rad
Torque constant K 0.012N - m - s/rad

In terms of an exponential rotor reference, speed
rising from 0 to 125.6Elec - rad/s upon 7 = 1s rise
time, steps down/up the stator reference flux (A\*?)
from 0.465 to 0.4 Wh? at t = 10s, and from 0.4 to
0.52Wb? at t = 12.5s. In the end, the rotor refer-
ence speed is exponentially expanding from 125.6 to
157 Elec - rad/s with 7 = 0.25s rise time at ¢t = 17.5s.
Considering an exponential rotor reference speed ris-
ing from zero to 157rad/s upon 7 = 1s rise time and
)\:2 = 0.465 Wb?, the steady-state situation is gotten
to begin with for this test, at that point utilizing the
MTPA control strategy depicted in section 8. Figures
3 to 7 display the corresponding results for the clarified
tests.
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Fig. 3. Simulation results of torque and speed of
IPMSM drive.
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Fig. 4. Simulation results of squared of the stator
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IPMSM drive.

9.2 Experimental results
9.2.1 Practical system setup

In terms of real-world performance assessment of the
proposed system, a PC-based experimental set up was
adopted (Figure 8), based on the general block dia-
gram in Figure 2 in which a personal computer (PC)
was considered with the following parts, in order to cal-
culate the evaluated signals and display the registered
waveforms:

i. Motor: a 0.5 hp 3-P IPMSM;

ii. Load: a 0.5 kW DC generator;



138 Hydrogen, Fuel Cell & Energy Storage 11(2024) 131-141

iii. Supply: 3-P Voltage Source Inverter (VSI) plus (48 bit);

required isolations board; vi. A/D card: Advantech A/D converter (32-
iv. Sensors: sensor boards for voltage and current channel);

measurement; vii. CPLD board.

v. IO card: Advantech digital Input-Output card

e

r 3
L )

\l’aﬂ__ l labc

Sampling
[Voltage & Cument)
Encod er

* DC Generator Three Phase IPMSM
DC Link A2D
PCI 1713

DG Power| | IG BT Driver
Supply Board

{

CPLD

Controller j—————=
Boamd

oo
PC1 1751

Fig. 8. Laboratory implementation block diagram.

A 3-P inverter which benefits from two level sym- considered sensors. Afterwards, dc components of the
metrical space vector modulation (SVM) is applied for measured values were excluded using a 15¢ order LPF.
system supply. In order to implement switching pat-
terns, a CPLD (EPM240T100) with the switching fre-
quency up to 5kHz is selected, which PC communi-
cates accomplished through PCI-1751 (Advantech Dig-

ital I/O board). Generating corresponding SVM-based =
switching patterns for IGBT switches and then pro- el
viding the required best dead time for power switches, = Board [

providing PC-hardware synchronization signal for data
transmission and considering inverter shutdown statues
caused by over-current or hardware hanging states are
the realized tasks of the CPLD. Hall-type LEM sensors

are applied for dc-link voltage and phase currents mea- / : —e
surements. The evaluated electrical signals are passed / .
through an analog separated 2°¢ order low pass filter ; / e

(LPF bandwidth: 1.5kHz). At that point, digital sig- "

nals are produced by utilizing of a 10 us conversion time

A/D card. Fig. 9. Experimental setup.
To assess the exactness of the rotor-speed and po-
sition, the genuine position of the rotor is gotten from Considering described voltage Equations (1) and
an utter encoder with 1024 pulses/r. This laboratory (2), the corresponding d-q axis inductances of the pro-
setup is shown in Figure 9. posed drive for steady state condition can be given as:
_ Ugs — Rsiqs _ Vds — Ryigs
9.2.2 Measuring L, and L, Ads = e Ags = e (49)
Firstly, the d-q axis voltages and currents ((vg,vg,) Las = M’ Lgs = @_ (50)

and (iys,iy,), respectively) were measured by means of Lds lgs
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With regard to unnecessity of knowing the accurate
value of d-q axis inductances for the proposed control
strategy in this study, in order to determine such pa-
rameters, an open loop control was performed practi-
cally at rated currents and speed of the IPMSM.

9.2.3 Experimental test

Figures 10 to 13 illustrate the experimental re-
sults using operational conditions similar to the per-
formed simulations. Accordingly, a good agreement
is achieved, in comparison with the simulated results
(Figures 3 to 6).

Figure 14 exhibits the experimental results, apply-
ing MTPA control strategy. In comparison with the
simulated results shown in Figure 7, the practical re-
sults are also in a good agreement.

10 Conclusion

The goal of this study is to develop an 10 feedback
linearization control scheme (AIOFL) in order to di-
rectly drive speed (torque) and the squared of the sta-
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Fig. 10. Torque and speed of IPMSM drive.
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Fig. 12. d- and g-axes currents of IPMSM drive.

tor flux in an IPMSM. The overall stability of this
control method has been proved by Lyapunov theory.
Considering instant values of motor torque and power
and by means of a simple 15 order low pass filter, the
rotor speed is obtained in this control scheme. In addi-
tion to the proposed AIOFL method, an IPMSM drive
system was implemented by a practical setup and test
and computer simulation were operated for a 0.5hp
(0.37kW) IPMSM.

The results exceptionally well affirm the legitimacy
and viability of the proposed control technique in this
research. A so-called stator flux search method was
applied to accomplish the MTPA control scheme for
the IPMSM. Again, a good agreement exists between
simulation and experimental results obtained for this
test. It should be mentioned that the accurate value of
the initial rotor position is needed for implementation
of both the tests described in this study. In compar-
ison with the control methods, presented in previous
research, in order to apply the proposed control strat-
egy, the knowledge of the actual values of the motor
d-q axis inductances is not essential.
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Fig. 14. Experimental results of MTPA strategy of
IPMSM drive.

A  Appendix

Ly = *2/\3839,
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3P .
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3P . 2
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ngyl = 2>\ds )

3P /Ags .
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