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Abstract: This study presents a novel online, accurate and simple model-based maximum torque per ampere (MTPA) strategy
for input—output feedback linearisation control of induction motor (IM) drives. Despite conventional MTPA control principles
which are under the assumption of iron loss neglecting, the proposed strategy takes iron loss effect into account. This study
highlights the iron loss influence on MTPA scheme. Firstly, the cross-coupling effects in the IM model and torque non-linearity
due to the iron loss in torque—speed characteristics of the IM are discussed. The criterion for the MTPA scheme is then
introduced and investigated by gradient approach so that when the gradient vectors of the torque and stator current magnitude
are parallel, the MTPA strategy is satisfied. Finally, to confirm the validity of the proposed control scheme, experiments are

carried out.

Nomenclature

V,I,A voltage, current, flux vectors

T. electromagnetic torque

T load torque

R resistance

R iron loss resistance

L self-inductance

L leakage inductance

Ly, coupling inductance between stator and rotor
p pole pair number of stator

W, electrical rotor speed

@ angular speed of rotor flux

Wgip slip speed

J moment of inertia

4 leakage factor (1 — (L/Ls - L))
a angle between gradient vectors
0 stator current angle

0 rotor flux orientation angle
Subscripts

s,r  stator and rotor
d,q rotating direct and quadrature axes

1 Introduction

Generally speaking, about 40% of the whole produced electrical
energy in the world is consumed by electrical motors which are
used in various applications such as pumps, fans, crushers,
conveyors, mills, centrifugal machines, and elevators [1]. Various
kinds of electrical motors have been designed for different
applications. Among them, three-phase IMs possess the utmost part
in industrial applications. Therefore, the optimal control of
induction motor (IM) drives is appreciably important. The
maximum torque per ampere (MTPA) strategies have shown to be
very efficient methods for energy saving in IM drives. Indeed, the
purpose of the MTPA algorithm is to produce a desired electrical
torque with minimum stator current magnitude. Consequently,
implementing MTPA strategy leads to minimum copper loss and
since it possesses the great part of total losses, motor efficiency
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enhances [2]. Broadly speaking, there are two main approaches for
MTPA realisation: search-based and model-based algorithms.

1.1 Search-based techniques

The principle of search-based approaches is to find the minimum
stator current magnitude for a given speed and load torque. The
main advantage of these methods is that the exact motor
parameters and load condition information are not needed.
Accordingly, they could be implemented for various kinds of
motors with different control schemes [3]. In [4, 5], the vector
control in combination with a search-based MTPA strategy is
implemented for an IM drive. In the proposed MTPA method, the
control parameter is the stator flux. However, the step change in
the control parameter results in torque disturbances and
consequently speed oscillations and even system instability. In [6],
the conventional direct torque and flux control is performed and a
maximum efficiency strategy has been realised determining the
optimal flux level for a desired load torque and speed. In the
proposed algorithm, for determining the minimum stator current
magnitude, the stator flux is reduced stepwise from its nominal
value and in each step, the stator current magnitude is measured. It
should be noted that since the iron loss effect is not considered, the
proposed control strategy is different from efficiency optimisation.
In [7], the MTPA strategy is realised in the steady-state operation.
In the proposed strategy, which is also based on a search algorithm,
the saturation effect is taken into account. Owing to the slow nature
of the search-based algorithms, the application of this method is
also limited to narrow range torque variations. In the proposed
strategy in [8], the optimal flux for the desired load torque is
determined by the look-up table. This strategy is realised regardless
of the iron loss which obviously deviates true MTPA realisation.

1.2 Model-based techniques

These methods which are based on the electrical model of motors
are easy to implement and require the exact motor parameter
values. Wasynczuk et al. [9] propose an MTPA strategy based on
slip speed regulation which is implemented by indirect field-
oriented control (FOC) in the rotor flux reference frame. To realise
the strategy, the slip speed and the rotor time constant should be
equal. As a result, the d—¢g-axis stator currents are equalised, which
is the MTPA realisation criterion without taking the IM iron loss
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Fig. 1 d—qg-axis equivalent circuit of an IM in rotor flux frame considering iron loss

into account. However, compared to the conventional FOC, the
constant slip speed leads to slower torque dynamic response. The
proposed FOC-based MTPA strategy in [10] calculates the online
torque per ampere ratio and adds a correction term to the rotor flux
angular position. It should be noted that, due to the variation of the
transformation angle, the proposed strategy has slower dynamic
response in comparison with the conventional FOC. Moreover, the
variation of the correction term, which is a significant parameter
for the dynamic response, may lead to torque fluctuations. In [11],
the torque expression is introduced in terms of stator current
magnitude and slip speed and the maximum torque is plotted
versus stator current curve. Then, the stator current magnitude in
terms of the maximum torque is derived through curve fitting. The
slip speed as a function of the maximum torque is also derived.
Consequently, for the desired load torque, the slip speed and the
stator current magnitude, which lead to MTPA realisation, are
determined. The proposed strategy neglects the iron loss effect on
the MTPA realisation. In [12], the same authors have proposed
another MTPA strategy, which takes the iron loss into account. In
this reference, the effect of temperature variations on the reference
stator current magnitude and slip speed, determined by the strategy
proposed in [11], has been also studied. The results clarified that
the temperature variations have a negligible effect on the reference
stator current magnitude; however, it significantly varies the
reference slip speed. In [13], a predictive MTPA strategy is
proposed based on direct torque and flux control and without
considering iron loss. The effectiveness of this strategy is limited to
high torque and high speed applications.

Generally, the parameter-based MTPA strategies have much
faster dynamic response in comparison with the search-based
algorithms. Indeed, in the optimal flux search methods, if there
exists a disturbance or a sudden change in the load torque, the flux
command should be changed quickly. Otherwise, instability, due to
inadequate flux and relatively slow convergence of the
optimisation algorithm, is possible [14]. In most industrial
applications such as electric vehicles, the motor operating point
changes continuously and a control system with the high dynamic
response is essential. Therefore, utilising search-based control
strategies is not beneficial for these applications. On the other
hand, the model-based MTPA algorithms, in addition to their quick
dynamic response, can operate reliably in disturbance and for
different load profiles. This study belongs to the model-based
category.

In this study, the input—output feedback linearisation (IOFL)
non-linear control in combination with an improved MTPA
strategy for a three-phase IM drive is proposed taking into account
the iron loss. According to this control approach, the error signals
of the MTPA criterion and torque command with respect to the
measured values are given to the non-linear controller derived
considering the iron loss. The realisation criterion of the proposed
MTPA strategy is obtained by Lagrange's theorem. In this regard, if
the IM torque and stator current magnitude gradient vectors
become parallel in the desired point, the MTPA will be realised.
The iron loss, as a possible source of performance deterioration in
the MTPA strategy, has hardly received any attention, so far. In the
model-based approaches, to determine the MTPA factor, the iron
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loss resistance is usually disregarded in the torque equation due to
the simplicity that this approximation will certainly deviate true
loss minimisation implementation. On the contrary, in our
proposed strategy, the optimal relation of d—g-axis stator currents is
derived considering the iron loss and without any approximation.
Obviously, the proposed strategy has a high accuracy in all
operation conditions. Also, in this study, the iron loss effect on the
behaviour of the drives is highlighted and to overcome the
performance deterioration of IM drive arising from considering the
iron loss, a rotor-flux estimator block is used by using the two-axis
equations of IM [15]. The fundamental iron loss is identified
through some effective experiments and the speed-dependent
equivalent iron loss resistance required for the MTPA control is
obtained from these data.

A detailed description of the proposed control strategy will be
presented in the following sections. This paper is organised as
follows: Section 2 describes the IM model including iron loss. In
Section 3, the criterion for the MTPA scheme is introduced. The
IOFL is developed for IM in Section 4. In Section 5, the
experimental results are presented. Section 6 contains the
concluding remarks.

2 IM model including iron loss

The orthogonal d—g-axis model of an IM including the iron loss is
shown in Fig. 1. As illustrated, the iron loss is modelled by a
resistance paralleled with the magnetising branch. A two-axis
dynamic model of IM in the rotor-flux oriented reference frame is
expressed as follows [15]:

Vg = Riisg + dAgldt — iy, &)
Vog = Riisy + Ay /dt + 0y )

Vig = 0 = Riieg + dlrg/ At = (@ = 0 g Q)
Vig = 0 = Riirg + dAyg/di + (@ — @) g Q)
Asa = Lisisa + Linimg -~ Asg = Lisisq + Liimg ©)
Ira = Livisg + Liima g = Lisizg + Linimg ©)

Ry = Lydipg/dt — a)Lmimq

Riiig = Lyyding/dt + @Lying ™
T = 22 L L) ralig — i) ~ gl = i) ®)

The rotor FOC is defined with the following constraints:
ea = Al Aq=0 ®

By considering the constraints given by (9), the rotor voltage
equations expressed in the rotor flux-oriented reference frame can
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Fig. 2 Constant torque curve and stator current curves

be used to obtain the rotor magnetising current space vector (i)
and slip speed (wjip).

Substitution of (6) into (3) and (4) yields the following rotor
voltage differential equation:

_ R, Rln,  dh
0= L—lrﬂ.r - L_lrlm + W + stlip)'r (10)

By decomposing into real- and imaginary-axis components, the
following equations are obtained, which describe the flux model in
the rotor flux-oriented reference frame

_ Ry Rlw AW dix|
O_Ller|_ Llr lmd+T$Lmlmd—|/’Lr|+Tr dr (11)
Ry, Ly .
0= — %lmq + (I)slipllr| = wslip = Trﬁ'rl lmq (12)

In the rotor FOC, by taking the iron loss into account, the output
torque is conveniently described as

2
d

1 R; . . A
T.= (ﬁ) . (w—lm)(ﬂlsqﬂfd — Isgha — T (13)

where f = (R/wLy,) + (Ri/wLy,).

In the next section, in order to access the MTPA realisation
criterion, the torque expression is manipulated to an appropriate
form.

3 Proposed MTPA strategy
3.1 Basic concept

In principle, the purpose of MTPA strategies is to deliver the
desired torque with the lowest stator current magnitude. In this
way, the copper loss is minimised and hence the overall system
efficiency is increased, at least as long as the copper loss is
dominant [2]. In this study, one of the novel MTPA solutions based
on Lagrange's theorem is introduced. Based on this theorem, any
control strategy can be realised when the torque and its
corresponding objective function (OF) are tangents at a point or in
other words their gradient vectors are parallel. To apply the MTPA
strategy for an IM, the minimisation of inverter current for a given
load torque is defined as the OF.

3.2 MTPA control

The MTPA strategy is realised with minimisation of stator current
magnitude under the constraint of constant torque. So, as
previously mentioned, the torque equation of IM must be rewritten
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according to a specific form. To perform the proposed MTPA
strategy, (13) must be modified so that this equation becomes a
function of orthogonal stator current components. So, (13) can be
changed as follows (for proof see Appendix 1)

_(E=L) (B,
T.= (ﬁz 1 Bw Isqlsd B (14)
In MTPA, the minimisation of stator current magnitude is selected
as the OF. The square stator current I; is defined as

I =ilq+isy (15)

In this section, the minimisation of (15) is selected as OF under a
given load torque. According to Fig. 2, the torque equation for
rotor FOC (by considering the iron loss) can be drawn on the
isq — isg-plane. It can also be shown that on this plane the square
stator current curve takes the form of a circle. Supposing the
constant torque constraint, if the operating point is set at point ‘a’
in Fig. 2, the curve ‘A’ is considered to be constant stator current
curve (I3,)). If an operating point is set at ‘b’, the curve ‘B’ is
another constant stator current curve (I3). Using Lagrange's
theorem, the stator current magnitude is minimum when the
constant torque curve and the stator current curve are tangent at a
point, or in other words, the MTPA is achieved when their gradient
vectors are parallel at the tangency point (see ‘b’ in Fig. 2), so that

“ VTe(isdv isq) ” ” V[:(isds isq) ||Sin a=0 (16)

where a is the angle between VTe(iSd, isq) and Vlg(isd, isq).

Therefore, the criterion of the MTPA strategy realisation is
obtained as follows:

Vi = N VTelisas isg) Nl VEGisar isg) llsin e amn

It is obvious that the control strategy is realised when y, is kept at

zero. The cross-product of gradient vectors is calculated from the
following equation:

i ik
T, oT.
. 2. - — 0
VT o(isa, isg) X Vi(isa, isg) = det | Osa  Oisg (18)
oL O
diyg iy,

So the criterion of MTPA realisation is achieved as follows:

T, oIF oT, ol 2 2. .
= 0y Oy T Oy Oy~ 07 N = hat phaba = ha =0
(19)

Neglecting the iron loss (R; — o), the MTPA realisation criterion
for ideal IM is achieved. In this condition, the criterion presented in
(19) is simplified as

Y =i§q_i§d=0$isq= *isa (20)

Although in ideal condition, the optimal current angle is constant
(6 =tan™ is/iq = *m/4), but in the non-ideal condition, to
overcome the iron loss effect the stator current angle diverges from
the ideal condition. This angle is smaller than z/4 and dependent
on f-value. By doing some calculations on (19), we have

iy = *iué=>6=tan"'(§) @

where & = ((y#* + 1 — 1)/p) is the MTPA factor.
Equation (21) indicates that for realisation of MTPA in the
motoring mode, the i, — &i;; = 0 must be always fulfilled. Hence,
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it is necessary that the value of £ is determined for each given
speed (frequency). In Fig. 3, variation of & versus operating
frequency has been plotted.

Fig. 4 shows the deviation of stator current angle from z/4 in
various frequencies due to the iron loss.

3.3 Measurement of iron loss resistance

According to Fig. 5, experimentally identified equivalent iron loss
resistance values of 2.2 kW IM can be acquired by measuring the
input power at the no-load test. In this condition, the energetic
balance of an IM can be expressed by the relation:

of iron loss versus rotor speed can be constructed for use in
determining the iron loss at any desired rotor speed. Although R;
varies with the operating frequency and the flux level, it is more
sensitive to variation of frequency rather than the rotor flux
variations [17, 18].

4 |OFL for IM

In this section, the IOFL non-linear controller is applied to the IM
drive system to obtain the control inputs for space vector
modulation inverter. Therefore, by choosing x =iy, x =iy,
X3 = Ag, X4 =Xy and xs= o, as state variables and assuming
Vea = w1, Vgg =1, as the control inputs, the IM affine model is
described by

X = f(X) +g(X)U (23)
where
X =[x xxx xs]T = [igq isq Asa /1511 wr]T, (24)
= [ uz]T, (25)
(see (26)) and
1 0
0 1
X LR o 27
lo o
0 0

Choosing the magnitude of the cross product of VT.(xi,x,) and
Vlg(x],xz) and the IM torque as controlled output, the output
vectors can be introduced as

v [yl _ I VTl ) Ml VEGa, ) flsina 28)
Y2 T.
Now, taking the time derivatives of outputs, we have
[ ] Ly, [Lgl)’1 gz)ﬁ][ul]
z)’z Lgl)’z gz)’z (29)
= [ My ECOU
Lyy,

where Lyy;, i = 1,2 are the directional (or Lie) derivative of state

Pro-10d = Piron + Peu.s + Prnech (22) function y(x): R" — R along a vector field f(x) = [f,(x), ..., f,(0)]:
where P, is the iron loss, P, is the stator copper loss, and Ppecn
is the f_rlctlon and windage loss. Alpng with [16], the prev10us Loy(x) = z 9y(x) £i(x) (30)
expression allows to compute the iron loss, as the difference =1
between the input power Py, _102¢ and the other losses items. A plot
f&X =1 f2f3f4f5]T
Ly (1
H(T(xg—Lm-x,)+x4-x5)— +w-x
S
L, 1
O,LJT( (=L %) — %3 - xs) - G_Ls(Ri IR %—w-x
_ (26)
= T(x3—lm-xl)+w-(x4+L1r-x2)—x4-x5—w-Llr~x2
T
_Tl()u—l,m'xz)—m-(x3+L1r'x])+x3-x5+u)~Llr-x,
T
Kef . =|_T
7|\ B 7
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Fig. 6 Proposed MTPA control strategy for rotor-FOC-based IM drives
including iron loss

Fig. 7 Slip speed and rotor flux orientation angle calculation considering
iron loss

Lsy; are given in Appendix 2. If the decoupling matrix E(X) is not
singular, the non-linear control law is given by

vy — Ly,

31
v, — Ley, @b

uy
U=[ ]:E“(X)-
U

where v, and v, are the system new inputs. Assuming the following
state variables as

h=v
o (32)
V=0
The system control efforts are chosen by
Vi = Vet — Kiey (33)

V2 = Vs ref — Ko

where K, and K, are positive constants and e, =y, — y, f and
e, =y, — ¥, re- Therefore, the motor error dynamics are

él = — Klel, éz = - Kzez (34)
Considering (34), for positive K, and K,, ¢, and e, exponentially
converge to zero. As seen, in the presented non-linear controller,
two proportional-integral (PI) controllers employed in
conventional IOFL are eliminated.

The overall block diagram of the proposed drive system is
shown in Fig. 6. According to this configuration, the slip speed
(@y1ip) calculation is necessary for MTPA strategy. Since the value
of iy, is not measurable, it is impossible to use (12). To solve this
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Fig. 8 Experimental setup
(a) Laboratory implementation block diagram, (b) IM drive system hardware

problem, a block diagram is derived considering (6) and (7) which
is shown in Fig. 7. This scheme is applicable for flux rotor
estimation with iron loss compensation. In this estimator, by
measuring the stator current and rotor speed, the slip speed and
rotor flux orientation angle (6) are calculated.

5 Experimental setup and results

The performance of the proposed system is evaluated through a
digital signal processor (DSP)-based prototype system. The
experimental setup shown in Fig. 8 consists of a 2.2 kW IM, a
voltage source inverter with a corresponding driver board, a sensor
board and a TMS320F28335 signal processor board designed by
Texas Instrument Co. The rotor speed is measured by a 1024 pulses
incremental encoder mounted on the IM shaft. The stator phase
currents are measured using two Hall-effect current sensors (LEM
LTS-6-NP) and the line-to-line voltages are detected by voltage
sensors (LEM LV-25-P). The experimental setup is also equipped
with analogue second-order low-pass filters with 2.6 kHz cut-off
frequency for filtering the measured stator current and voltage
signals. The inverter is consist of insulated-gate bipolar transistor
(IGBT) module SKM40GD124D (with 40 A, 1200 V ratings) and
HCPL-316-J type intelligent IGBT drivers. These kinds of IGBT
drivers provide electrical isolation between the power and the
control systems. The switching frequency is selected 10 kHz for
the inverter. In order to shoot through protection of inverter
switches, the dead-time is 1 ps. It should be noted that the
experimental setup is designed completely modular and the supply
voltage for each of the boards is 24 versus DC. The calculated
variables in the DSP are shown on the oscilloscope using the
Digital to Analog Converter (DAC)-pulse-width modulation
(PWM) output of DSP. Indeed the PWM value of the variable is
converted to an analogue data through a low-pass filter. To measure
the torque, a 3 kW separated excitation DC generator with an
external rheostat in the armature terminal as a load is connected to



Table 1 |IM parameters

Parameter Value Parameter Value
pole-pair 2 R, Q 0.6
rated torque, Nm 10 Ly= Ly, H 0.00365
rated voltage, V 220 (L-L) L, H 0.2933
R, Q 0.76 — —
Table 2 DC generator specifications
Parameter Value Parameter Value
power, kW 4.8 rated current, A 21
rated voltage, V 230 rotor speed, rpm 1500
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Fig. 9 Experimental results of the proposed MTPA control
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g

(a) MTPA realisation criterion, (b) Electromagnetic torque, (c) Motor mechanical speed, (d) MTPA factor (&), (e) d-axis stator current, (f) g-axis stator current, (g) Stator current

magnitude

the shaft of the IM. Tables 1 and 2 show the specifications and
parameters of the 2.2 kW IM and DC generator, respectively.

Fig. 9a shows that the MTPA realisation criterion also tracks its
reference value, which is zero, and the MTPA is, therefore, realised
in both transient and steady-state conditions. As shown in Fig. 95
the electromagnetic torque tracks the step command torque

properly. The rotor speed is illustrated in Fig. 9¢. As depicted, the
speed increases and decreases rather linearly as the desired torque
is stepped up and stepped down. This clarifies that the non-linear
controller is tuned appropriately. According to Fig. 3, the variation
of the operating frequency changes the & parameter. In this regard,
¢ is determined by the lookup table based on the speed variations
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(Fig. 9d). The d—q-axis stator currents are illustrated in Figs. 9e and
/. respectively. Fig. 9g illustrates the stator phase current variations
in response to the step torque command. To further study the
proposed strategy, the performance of the MTPA strategy is
investigated with closed-loop speed control. In this scheme, the
speed error is delivered to the PI controller and torque command is
then achieved from controller output. An exponential signal is
applied for speed command and the experimental results are
obtained for MTPA strategy, as shown in Fig. 10. In this condition,
the load torque is stepped up from 3 to 6 Nm, at + =3s. As
illustrated, the rotor speed and electromagnetic torque properly
follow their commands. Additionally, y, oscillates about its
reference signal (y; = 0). This guarantees that the MTPA strategy is
realised. The stator current magnitude for this load torque step
change is shown in Fig. 10d. In this figure, three scenarios are
considered: constant flux, proposed MTPA (considering iron loss
effect) and conventional MTPA (neglecting iron loss effect). To
achieve the conventional FOC, the flux control loop is substituted
with the control loop of MTPA strategy. Therefore, the flux
command is set on the nominal value and the both speed and flux
control are fulfilled. As is clear, implementing the proposed MTPA,
the stator current magnitude decreases by about 7% in comparison
with the conventional MTPA strategy.
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Fig. 12 Relative change in stator current magnitude against error in &

An additional scenario is carried out to further evaluate the
performance of the proposed control scheme. In this regard, the
proposed MTPA control is compared with the conventional FOC
with rated flux. To investigate the overall operation of the proposed
MTPA control at different rotor speeds and torques, the IM drive is
controlled for n, = 500 and 1000 rpm at various torques from light
to nominal load (Fig. 11). The results show the superiority of the
improved MTPA over the conventional FOC due to the possibility
of adjusting the flux level for different load torques. As expected,
the reduction of stator current magnitude is more significant at the
light load conditions.

Model-based MTPA algorithms are expected to drift from the
optimum with parameter variation. It is obvious that the MTPA
criterion is dependent on the £ value. The question then arises as to
how accurately this parameter must be determined. To determine
this, a sensitivity analysis is carried out to find the effect of
inaccurate knowledge of £ on the performance of this strategy. The
result is plotted in Fig. 12. The conclusion which can be drawn
from this plot is that MTPA is relatively insensitive to an error in &
when it is in the range of —10% to +20%.

6 Conclusion

In this study, a non-linear controller based on the IOFL technique
was merged with the online model-based MTPA control for a
three-phase IM drives including the iron loss. The mechanism of
iron loss influence on MTPA criterion was introduced and analysed
based on Lagrange's theorem. As a result, it was found out the
amount of detuning which is present when the iron loss is
neglected in the execution of MTPA, depends on the machine
operating frequency as well as its corresponding equivalent iron
loss resistance. The validity of the improved MTPA controller was
evaluated by experimental results. The experiments showed that by
controlling the inverter current-minimising criterion directly, the
MTPA scheme is executed online without deteriorating the
dynamics performance. In addition, to demonstrate any benefits
provided by the mentioned control scheme, the proposed MTPA
strategy was compared with the conventional MTPA and the FOC
with rated flux. It was shown by applying the improved MTPA
control, the stator current magnitude was significantly less than the
FOC with rated flux, especially at the light loads.
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9 Appendix

9.1 Appendix 1

In this section, the detailed procedures for deriving the torque
equation including the iron loss are presented. In the rotor FOC, the
torque equation is given by (13). From (7) and writing i, in terms
of i, we have

Riii,

ma = 7 (35)
Substituting (35) into (6) gives (36)
. R .
Aea = Liirg + Lm(mliq) (36)
Considering iyy = g + iig — isq, (36) is rewritten as:
Ig = %l}q + (%ﬂz)(%d + ir—l‘: - ﬂisq) — iy
¥ (37

BLy . + Ara

R L\, 1 .
Aeg = 5(1 + —)liq + Llr(Tﬂz - 1)lsd - Tﬂzlsq T+ F

L

Considering i, = isy + Pisa + fAa/Liy  and  after a few
manipulations, (13) is developed as

(B (R e
T. = (ﬁz n 1) (ﬁw)(lsqlsd 7 ) (38)
9.2 Appendix 2
Lf)’l = f(x) =& fi(x) (39)
Ly, = Kr- (v £+ (3= 22 £.00) (40)
—¢R
Ly =Gy ®A k) @D
R
ke =G ®RTR) “2)
R; - x,
L=k (o ) @
2, R
Liy. = Kr- (’“ - 7) ' ((a L) R+ Ri)) @9

where Kt = ((f = D/(F° + 1)) - (Ri/ fw).

The decoupling matrix E(X) is found to be non-singular for all
operating regions except for null states by its determinant
expressed in

Loy Lg,y
E(X) — 8171 8271
LglyZ ngyl
_é’ 1
S U 2| @49
@ L) R+ R)| Ky, KT-(xl _7)

det (B0 = (¢ 1= 52 + 0
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